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Abstract 
• •k.-
In integrated optical systems, branching waveguides are essential components 
in distributing signal from one input port to two or more output ports. However 
devices using Y-junctions suffer from radiation losses particularly abrupt-bend 
structure with relatively large branching angles. We propose a novel Y-junction 
design by introducing deliberately a relatively low index region, which is called Phase 
Front Accelerator (PFA), at the central region of the Y-junction. It was found that 
the transmission normally associated with large branching angle has been significantly 
reduced. The device length required for a small branching device could be shorten, 
thus enabling the packing density of these integrated optical device to be increased. 
Apart from using PFA for the reduction of transmission loss, we demonstrated that 
PFA could also be used for re-distributing the incident power to various output ports 
but with a lower transmission loss being attained at the same time. In a 1x3 branching 
waveguide, we showed how equal power division could be achieved at each of the 
three output ports by varying the location and the area of a pair of PFAs. Using 
asymmetric PFA, we demonstrated how an integrated optical beam splitter of power 
splitting ratio as high as 12. ldB could be obtained. In this case, it was found that the 
total power transmission of the beam splitter could be kept fairly constant over a wide 
range of power splitting ratio. Moreover, we also showed how the addition of PFA 
will affect the transmission ratio of asymmetric Y-branch waveguides, depending 
whether the structure operates in the mode-splitting or power-dividing regions. We 
demonstrated that the mode splitting behavior could be retained even with larger 
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branching angles if appropriate PFA design structures are employed. 
The basic operation principles of the PFA were explained and analyzed in 
details in terms of structural effect and accelerator effect. It was found that an 
appropriate choice of waveguide parameters and PFA indices would be required to 
reduce the transmission loss significantly when compared to conventional junction 
waveguides with large branching angles. However, for half-branching angles smaller 
than a certain critical angle, the transmission loss would be increased instead if PFA 
structures were introduced. Under this circumstance, PFA design technique for 
merely the reduction of transmission loss should not be used. 
In considering the practical difficulty of achieving a very sharp 
tip required in the PFA design, we propose a new low-loss truncated Y-branch design 
(TSYB), In comparing this TSYB structure with normal Y-branch, Structural Y-
branch, and Truncated Normal Y-branch in term of transmission ratio, it was found 
that for half-branching angle larger than 1.8° the TSYB would exhibit the lowest 
transmission ratio and is far superior than other design. Furthermore, experimental 
results were also given. From the results, we found that the TSYB structure gave the 




1.1 Introduction and State-of-the-Art 
Over the past two decades, remarkable progress in optical fiber technologies 
such as the development of low-loss optical fibers and connectors, the creation of 
reliable CW GaAlAs laser diodes, etc. has led to a number of potentially useful 
applications of optical fiber system[L1l This is due to the excellent characteristics of 
the optical fibers when compared to its counterpart, the electrical circuit, e.g., low 
transmission loss, extremely wide bandwidth and immunity to electromagnetic 
interference, etc. At present) optical fiber systems are widely used, not purely in 
public telecommunication networks, but also in data transmission on railways, f 
highways and supervision in electric power companies. Optical computing[1108] and 
optical sensing[l409] are among the most promising applications for fibers. 
Furthermore, local area network (LAN) applications of optical fiber systems have also 
become the major interest in the past few years and a large amount of research and 
development activities have been carried out[12*1,3]. 
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However, optical systems set up by arranging discrete type optical 
components, e.g., prisms, lens, mirrors etc. on large optical benches are of very 
limited practical use. Such a system size is usually of the order of lm2 and the optical 
beam (diameter can be as large as lcm. Although the development of microoptical 
components can significantly reduce the size of devices and optical beam size down 
to 10cm2 and 1mm respectively, the serious problems which occur in the assembly 
and optical alignment of the components still cannot be satisfactory solved. In fact, 
the means of perfectly fixing the components after alignment do not exist, making the 
stable alignment difficult. 
With the advance in thin-film techniques (such as the sputtering and plasma 
chemical vapor deposition (CVD) for various waveguide materials), and micro-
fabrication techniques (such as photolithography and electron beam lithography), the 
afore-mentioned problems can be tackled by means of optical integrated circuits 
(OIC). In fact, most of the research on OICs, especially in basic functional devices 
such as modulators[1.4-L9], switches11-10"1-153 and sampler[116"118], were stimulated by the 
utilization of OICs in optical fiber communications and data transmission systems�19-
L21]. Apart from these, a lot of active research in application of OICs in signal 
Y •-
processing such as RF spectrum analyzer11-22'1-241, correlators & convolvers .^25-1.27]， 
optical computers[L28"L32], and in sensors such'as temperature sensor[L33"L34], pressure 
sensors�35-1.36], position sensors11.37:38], fiber gyro[L39'L40], disc pickup[1-41"142] and even 
on microwave application[143] have also been carried out in past fifteen years. 
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OICs offers some attractive features which will be discussed briefly below. 
a) The OICs inherently have the same large optical bandwidth as the optical 
fiber[U44] because, in both cases, the carrier medium is a lightwave rather than the 
electrical current. Thus, the frequency limit effects of capacitance and inductance can 
be avoided. Apart from this, OICs, similar to fiber optics, allow multiplexing of 
hundreds of signal onto one optical waveguide channel by using the wavelength 
division multiplex scheme[L45]. In fact, the coupling of many optical signals into one 
waveguide can be conveniently and efficiently accomplished in the OICs[L46}. 
b) The optical signal within the OICs can be controlled very easily by means of 
electrooptic effects[147-L48], acoustic effects"9-1.50� and thermooptic effects[151-152]. The 
electrooptic effect is so far the most commonly used method among the three. 
Besides, the switching voltage required can be very low and the switch speed is fairly 
high[153]. 
c) When compared to larger, discrete-component optical systems, OICs can have 
the same advantages that electrical IC enjoys over hard-wired discrete component 
circuits. These include smaller size, weight and lower power requirements, as well 
as improved reliability and batch fabrication economy. Moreover, the optical 
alignment and vibration sensitivity, which are difficult problems in discrete 
component optical systems，are conveniently controlled in OICs • 
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Looking into the future development of OICs, there are several areas that must 
be worked on in order to make OICs more functional, practical and economical1.54]. 
a) Improvement of the performance of modulators and optical switches 
With switches and modulators, which are typical examples of functional 
devices, it is very difficult at present to achieve an extinction ratio of more than 
25dB[1J3]. In addition to the scattering, one reason for the low extinction ratio is that 
the mode in single-mode waveguides cannot be controlled completely. A switching 
extinction ratio of more than 50dB is required in many applications. Further 
investigation is therefore needed to find out how to achieve that level. 
b) Coupling Technique 
An excellent feature of OICs is the use of single-mode waveguides whose 
typical cross section is approximately 2"m x 5/zm. As for optical fibers, single-mode 
fibers with core diameter of 8 声 will be used because the transmission characteristics 
are excellent. Laser diodes are made to operate in a single-mode condition. A hybrid 
OIC must therefore be coupled to such an optical fiber and/or a laser diode，and the 
coupling efficiency should be high. Various coupling techniques have been examined 
and the present conclusion is that direct butt coupling^ 55"1581 is the best which can 
achieve more than an 80% coupling efficiency. However, such fiber coupling 
technique, which requires the preparation of the silicon V grooves[159-1 62] as shown 
in Fig. 1.1 for coupling alignment and the gluing process, is neither easy nor stable 
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Fig. 1.1 Self-aligning technique for connecting optical fibre ribbons to 
integrated optic channel components with submicron precision.11,551 
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in practice. It is quite satisfactory in multi-mode application but not in single-mode 
case. These difficulties are major obstacles for the practical use of OICs. Thus the 
establishment of practical coupling techniques is essential. 
c) Waveguides 
Since waveguides are basic elements of all OICs, they have been the subject 
of a great deal of continuing research^63"1,651. Fundamental studies of waveguides have 
produced new theoretical models to describe their properties, as well as new 
mathematical techniques of analysis[L66]. Particular attention has been given to the 
modal characteristics of waveguides and to their loss[167_171] because of the importance 
of these properties in OIC signal processing, switching, and coupling applications. 
Experiment techniques for measuring optical properties, and for modifying them by 
controlling various waveguide parameters, have been investigate^1.72-1.74]. Since the 
minimum value of the propagation loss to be required in optical waveguides depends 
on the functions of the OICs under consideration, the investigation of waveguide 
fabrication techniques ia term of reducing propagation and scattering loss is 
important. Generally speaking, a propagation loss of IdB/cm is not sufficient in many 
practical applications. 
Apart from these, there is also a need of looking for new waveguide materials 
because no waveguide material is satisfactory in all applications has been found. For 
example, glass is a suitable waveguide material but the switching speed using the 
thermooptic effect is very slow.丨 On the other hand, LiNb03 can be used for high 
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speed devices but they have disadvantages such as optical damage[1,75] and DC 
drift[L76] at the 0.633pm waveguide region. Though, PLZT crystals do not have such 
disadvantage, the fabrication of these single-crystallized thin films are not easy. So 
further investigation of materials should be continued. 
In this thesis, we will concentrate our discussion mainly in tackling the design 
problems of branching waveguide structures. 
1.2 Application of branching waveguides structure 
In integrated optical systems, particularly OICs, branching waveguides are 
essential components in distributing signal from one input port to two or more output 
ports. They form a basic building block for power divider/combiners11-77"1-801, 
modulators114"1-6'1-93 and switchesf1.10，1.12，1.14]，samplers[L16*118]，mode splitter[L81], 
wavelength multi/demultiplexer[1 -82], and other signal processing devices such as 
multiplier[117], A/D conyerters[L831 and logic gatesCL84] etc. In fact, devices using 
branching waveguides have advantages over those using directional couplers viz the 
precise adjustment of the propagation constant is not required and the length of the 
device can be shortened. Section 1.2.1-1.2.6'will illustrate some integrated optical 
designs employing branching waveguide structures. 
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1.2.1 Mach-Zehnder interferometer 
Fig. 1.2 shows a Mach-Zehnder interferometer11-51 which consists of two Y-
junctions waveguides, where a pair of electrodes is placed on two arms. By applying 
a voltage to the electrodes, the guided mode propagating along the upper arm will 
undergo the phase shift and will interfere with the reference guided mode 
propagation along the lower arm at the output Y-junctions. The output light intensity 
is thus modulated in response to the phase difference between these two guided 
modes. In the waveguide interferometer in Fig. 1.2，when the z-cut LiNbOj is used 
as the substrate and the TM mode is excited, the guide modes are phase-shifted by 
+A0 and in the upper and lower arm respectively. In this case, the resulting 
phase difference between two guided modes becomes 2A<^>. This is the so-called push-
pull operation, providing efficient light modulation. When the electrode length is 
with spacing d, the phase difference 2A0 is then given by 
2A<{) 二 n — r where Vn = •——^―~ / f 
Vx is the half-wave voltage of the interferometric waveguide modulator, ne is the 
extraordinary refractive index, r33 is the electro-optic coefficient, and r is the 
reduction factor of the applied electric field. When the incident power Pi is divided 
at the input Y-junction to excite the guided modes in the two arms, the two guided 
modes interfere with each other at the output Y-junction, Assuming there is no 
scattering loss from the optical branching, the output power P0 is given by 
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2 1+r p K 2 v J 
where is the input power and rp is the power dividing ratio respectively. The 
variation of P0 with the applied voltage V � i s shown in Fig. 1.3. The extinction ratio 
E,. is defined by 
Er = lOlog^^i = «10109(1^)2 [dB] j 3 
v o / m i n 1 
We can observe that when i*p — 1，Er — oo. In practices, rp exactly equals to 1 is 
impossible to obtain. Suppose we consider rp = 1.5，Er of20dB can still be obtained. 
Further, if the operation wavelength X = 0.633/zm, the electrode separation d = 
10/xm and the electrode length ls = 5mm with r « 0.3, the half-wave voltage Vx is 
only 6V. Thus, the interferometric waveguide modulator has an important advantage 
in that the extinction ratio of more than lOdB can easily be obtained with a low drive 
voltage even when the incident power is not equally divided due to a fabrication 
error. This type of interferometric waveguide modulator is in fact most easily 
fabricated among a variety of LiNb03 waveguide devices. Practically, the scattering 
loss at the Y-junction can be suppressed to less than ldB if branching angle becomes 
almost 1° with waveguide width of 4弘m. Later, we will show how this angle can be 
relaxed without increasing the scattering loss using our proposed phase front 
accelerator design. Moreover, the waveguide modulator in Fig. 1.2 exhibits high 
performance only in TM mode. On the contrary, both TE and TM modes are phase-
modulated simultaneously by utilizing two sets of electrodes that are placed on the 
waveguide interferometer. These provide approximately independent control of the 
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Fig. 1 .3 Variation of intensity output with the applied voltage in modulator. 
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vertical and horizontal E-field components across the waveguide. This particular 
electrode configuration leads to a polarization-independent light-intensity 
modulator[L85-L861 that can operate even when an elliptically polarized light is incident 
on the waveguide. 
1.2.2 Branching waveguide switch 
Fig. 1.4(a) shows the schematic of a branching waveguide switch^ 110，1.87】， 
which the input and the two branching waveguides are single-mode. Optical switching 
is performed by controlling the field distribution of the guided mode in front of the 
branching point via the electrooptic effect. The cross-sectional view of the waveguide 
at the branching point is shown in Fig. 1.4(b). The switching of the input signals 
depends on Vo>0，Vo<0 or Vo=0. When Vo>0, input signal will feed the upper 
arm. Similarly, Vo<0, input signal will feed the lower arm. A design of the switch 
basically requires the theoretical analysis of the branching waveguide. Fig. 1.5 shows 
the measured characteristics of the symmetrical branching waveguide switch of 
Fig. 1.3(a), with parameters of full branching angle 0 = 1.15。，electrode length = 
0.8mm, waveguide width w = 4pm and electrode separation d == 2/^m. The 
extinction ratio of lOdB was obtained with the scattering loss of nearly ldB when the 
applied voltage was V � = 30V[L14]. If a high extinction ratio is desired, an 
asymmetrical branching waveguide switch as shown in Fig. 1.6 can be used. In this 
case, an extinction ratio as high as 25dB can be obtained at the branch B with V � = 
±50V. However, the scattering loss will be increased to 1.9dB because the output 
light from the branch B undergoes a full branching angle of 1.15°. In branching 
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(a) Device structure and field propagating path when V o < 0 
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(b) Sectional view of the effective index profile N(y) at the 
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Fig. 1 .4 Z-cut LiNb03 Y-branching waveguide switch".10� 
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waveguide switches, since the electrode length is very short (0.8mm), high-speed 
optical switching of up to 10GHz is possible. This type of branching waveguide 
switch has essentially a high-packing density. As the electrode is 0.8mm long, the 
active length of a 1 x 4 switch will become as short as 3mm, as shown in Fig. 1.71.72] 
One drawback of this kind of switch is its high driving voltage as compared a to 
Mach-Zehnder interferometer. One way to tackle this problem is to use a wide single-
mode branching waveguide[L89]. 
Apart from using the electrooptic effect, a branching waveguide switch can 
also be implemented using the thermooptic effect as shown in Fig. 1.8[L51]. The input 
waveguide is smoothly expanded to 60pm wide and divided into two branches, each 
20pm wide. The branching angle is 1.15° and the branching waveguide behaves as 
a power divider. Two identical Ti-sputtered film heaters with a 20/zm gap, are then 
placed in the vicinity of the branching point. The heaters are 3mm long and 20^m 
wide, and the resistance is 1.84KQ. The design of this switch is to control the lateral 
confinement of the guided odes by thermally induced index increment underneath the 
heater. When the voltage VA is applied only to heater A, the guided modes are then 
confined in the higher-index half underneath the heater A, and more optical power 
is detected from branch A while less optical power is fed into branch B. In particular, 
it is necessary to suppress excitation of higher-order lateral modes in such a 
multimode branching waveguide switch for efficient optical switching. Furthermore, 
1 x 4 thermooptic switch was fabricated by integrating three branching waveguide 
switches in a common glass substrate using K+ ion-exchange technique. One 
drawback of this kind of thermooptic switch is switching speed (the rise and fall times 
1-13 
>> ！ •()[_—Experiment I . I 
： j o , f h e 0 r y I X 
3 0.6^ / ^ B r a n c h A J 
f 
r .身叫 
- 4 0 - 2 0 0 20 40 
Applied voltage (V) 
Fig. 1.5 The switching characteristic of the symmetric branching 
waveguide switch, where branching angle is 1.1 5° , electrode 
length is 0.8mm, waveguide width is A is 0.6328^m11,141. 
- Optical axis 
0 % 
? Branch A 
j- L - p ~ — ^ 丨 / 
7TT 
丨 0 . 5 mm , 0 . 3 mm i \ 
. H ^ H Branch B 
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Fig. 1.8 Thermooptic branching waveguide switch11,511 
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are > lms) as compared with electrooptic switch using Ti-diffused LiNb03. 
However, the switching response can be improved to a certain extent under 
overdriven thermooptic switching condition[L88]. Besides, it also has the advantages 
of no DC drift and optical damage which are observed in the Ti-diffused 
devices. So if optical switching on the milli-second order meets the requirement of 
an optical system, it should be possible to use the thermooptic devices instead of 
electrooptic devices, 
1.2,3 TE-TM mode splitter 
An optical TE-TM mode splitter is a useful functional device in integrated 
optics. N.Goto et aI[IJ1] reported a Y-branch TE-TM mode splitter on a z-cut LiNb03 
substrate as shown in Fig. 1.9. The input waveguide and arm 1 of the branching 
waveguide is made by Ti-indiffusion with width w” Arm 2 of the branch, starting in 
the taper region, is made by proton-exchange (PE) with a width w2. The input 
waveguide and arm 1 support a single-mode in each Ey (TE-like) and Ez (TM-like) 
mode. The PE process increases extraordinary index ne, corresponding to i^, and it 
slightly decreases the ordinary index n0, corresponding to nx and ny. Arm 2 of the 
branching waveguide is seen only by Ez (TM) modes, while Ey (TE) modes propagate 
along arm 1 unperturbed by the PE arm. Suppose that the effective index for Ezu 
mode in arm 2 is higher than that in arm. If the half-branching angle d2 is small 
enough so as to satisfy the following condition:-
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where A/3 is the difference in the propagation constant for infinite separation, y3 is 
the decay constant of the field in the separating region,氏v is the average propagation 
constant for a large separation, and & is the propagation constant in free space; then 
the branching waveguide operates as a mode-splitter. The fundamental and next 
higher order mode can then be separated into the waveguide having a higher and 
lower effective index respectively. In such a case, an optical wave in Ezu mode will 
couple into arm 2, while the higher order Ez21 mode will propagate in arm 1. The 
experimental results of the extinction ratio of 20dB and more than 20dB were 
achieved for TM and TE mode respectively. 
1.2.4 Wavelength Multi/Demultiplexer 
A Y-branch multi/demultiplexer, as shown in Fig. 1.10[L82] consisting of a 
strip-loaded ion-exchanged waveguide in a glass substrate can be obtained. This 
device provides a higher wavelength selection than the branching device consisting 
of arms with different height and different width as a larger difference in the 
dispersion relations between the two arms can be realized. Moreover, the wavelength 
range can be tuned by controlling the thickness of the loading strip. If the effective 
index of the arm 1 is higher than that of arm 2 at a wavelength \ and is lower at X2, 
the waves at Xx and X2 can be separated into arm 1 and 2 respectively. This can be 
achieved by using a strip load ion-exchanged waveguide. The cross-section of the 
waveguides is shown in Fig. 1.11. The wavelength range to be separated can be 
1-18 
controlled by the A1203 thickness. It was demonstrated that extinction ratios of 5.3 
and 5.7dB at 1.3 and 1.55^m would be achieved respectively. 
1.2.5 Temperature Sensors 
The temperature sensor as shown in Fig. 1.12[L33]was formed using three 
Mach-Zehnder interferometers with unequal path lengths in single-mode channel 
waveguides. Assuming a uniform substrate temperature, the relative phase shift A<t> 
in one of the interferometers is given by 
厶(j) = °PL 1,5 
X 
withAL^ 
as the optical path length difference and X the wavelength. Assuming a CW 
optical input, the power transmitted through the interferometer is proportional to 
COS2(A^/2). Thus a change in the relative phase shift of T radian takes the power 
output from a maximum to the next minimum or vice versa. The quantity AL^ is a 
function of temperature, and the ambient temperature variations result in intensity 
changes in the interferometer output. As a result, the temperature around the 
waveguide can be measured by measuring the output light intensity. The reason of 
using three waveguide interferometers is to obtain a wide dynamic range but with a 
relatively high resolution at the same time. Interferometers A and B were designed 
to achieved a resolution as high as 5xl0"2 °C, while interferometer C was designed 
for a dynamic range wider than 300°C.. 
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1.2.6 Pressure sensor 
Fig. 1.13 illustrates a schematic layout of a pressure sensor[135] which utilizes 
the Mach-Zehnder interferometer configuration. The interferometer was constructed 
by using the optical-waveguide hybrid coupler11-901 as an integrated optic version of 
the semireflecting mirror in a similar manner to that of the devices for micro-
displacement sensing. The hybrid coupler composed of four single-mode waveguides 
connected at a junction can be analysis as a combination of symmetric and 
asymmetric Y-junctions. The symmetric fork consists of two identical single-mode 
branching arms, while the two branches of the asymmetric fork have different widths. 
The wide and narrow branches of the asymmetric section of the coupler are used as 
the input and output arms respectively. The two branches of the symmetric fork are 
the sensing and reference arms which are terminated by a mirror attached directly 
onto the end surface of the waveguide substrate. When the mechanical pressure is 
applied onto the surface of the sensing branch, the optical path length for a light beam 
that travels through the sensing arm is changed by an induced refractive index change 
in the branch due to the elastooptic effect, while the path length for a beam in the 
reference arm is fixed. The resulting change of the optical phase difference between 
these two light beams returning from the sensing and reference arms is converted to 
an intensity signal by the hybrid coupler which recombines these two beams. The 
experimental half-wave force was measured as 32 g wt, the observed extinction ratio 
was about 50% and the output power was in the range of pcW. 
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1.2.7 Summary 
From above illustrations, the application of branching waveguides, in 
particular single-mode Y-junction waveguide, is essential in designing integrated 
optical systems, especially OIC. The characteristics of branching waveguides should 
therefore be carefully analyzed not only qualitatively but also quantitatively. The 
parameters obtained numerically will be used in designing and modifying devices 
using branching structures. For example, a quantitative assessment of the degree of 
power transfer between the local normal modes is necessary to predict the device 
behavior and ultimately the extinction ratio of many switch designs. Failure to do so 
makes the improvement in extinction ratio very difficult. Moreover, branching 
waveguides normally suffer from radiation losses due to the tapered-and-separating 
structure. In order to estimate power loss, a quantitative analysis of wave propagation 
is again required. Consequently, an optimal design in reducing loss should be carried 
out. 
In branching waveguide, lxN branching waveguide is so far the most 
commonly used group of structures. In fact, all other group of waveguide structures, 
such as X-branch etc, can be considered as a combination of various types of lxN 
branches. For example, Isutsu at el[L90J treated a hybrid coupler (X-branch structure) 
as the combination of a symmetrical and an asymmetric Y-junction connected directly 
by eliminating the joining stem. Moreover, the multi-branch (N > 2) waveguides 
have received much less attention than the two-branch waveguide, or commonly 
called Y-branch. There are two reasons for this. First, equal power division for three 
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or more output ports is very difficult to achieve. The index distribution near the 
branching point has to be carefully controlled to obtain equal power division if all the 
branches have the same guide width‘ Such index distribution control is very difficult 
• 
in an actual fabrication process. Secondly, multiple power division[1<91] can be 
performed by connecting, some symmetrical Y-branch waveguides in tandem as shown 
in Fig. 1.14. Consequently, we shall concentrate the discussion mainly on a Y-branch 
structure. 
1.3 Y-branch waveguide 
In the following sections, the structure, characteristics and problems of a Y-
branch structure are briefly reviewed. 
1.3.1 General structure 
The general structure of a Y-branch waveguide is shown in Fig. 1.15. The two 
important parameters are the half-branching angle 9X and the widths of the branching 
arms, wx and w2. The taper region must be designed so that the incident fundamental 
mode propagates smoothly without conversion to the second lateral mode. If Wi=w2, 
it is a symmetric Y-branch while in the case of w1^w2, it becomes an asymmetric 




Fig. 1 .14 1x4 branching waveguide composed of three Y-branch 
s t e m 丨 t a p e r 丨 b r a n c h 
Fig. 1 .15 General structure of a Y-branch waveguide 
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The half-branching angle determines the mode separating and recombining 
functions, as well as losses associated with the fork region. It also determines how 
long the branching section has to be separated before the coupling between the two 
arms is negligibly small, thus in turn, determining the overall length of the device. 
In order to reduce the length of the device, one would like to have a large value of 
However as the half-branching angle increases, the radiation loss is increased 
dramatically due to mode conversion. 
Assuming the depth of the waveguide only allow a single-mode propagation, 
the waveguide width is then the factor to determine the lateral mode number (single 
or multi mode) for a given propagation constant. For a single-mode waveguide, the 
mode is restricted to monomode operation by the width and no mode conversion can 
occur. The analysis is simpler as only the power transmission will be taken into 
account. For multi-mode waveguides, the analysis will be complicated by the mode 
conversion which occurred when the fork begins. Since most of the currently 
designed integrated optical devices or systems are for single-mode operation, we will 
concentrate our discussion mainly on single-mode waveguides. 
1.3.2 Characteristics of Y-branch waveguides 
Yajima[L93] was the first to identify the limiting behavior of a Y-branch 
structure viz. adiabatic or mode splitting when the tapers are gradual (i.e. no power 
transfer between local normal modes) and nonadiabatic or power dividing when the 
tapers are steep (i.e. maximum power transfer between the local normal modes). 
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These limiting cases are shown in Fig. 1.16. Burns and Milton[L94] further showed 
that the condition for such a junction to behave either as a mode splitter (Fig. 1.16(a)) 
or as a power divider (Fig. 1.16(b)), depending on whether the factor 厶 卢 i s very 
much less than or greater than 0.44, where AjS is the difference in propagating 
constants in the two arms, 6' is the full-branching angle and y3 is the transverse 
component of the wave-vector in the central cladding regions. 
Izutsu，et al[1.95� also explained the working mechanism of the single-mode Y-
junction in terms of the local normal-mode description[1-96]. He pointed out that the 
function of the Y-junction is analogous to that of the beam-splitting mirror (or 
semireflecting mirror) as shown in Fig. 1.17. When two monochromatic light waves 
of the same frequency are incident onto the arms of the branching section in phase, 
the output power is the sum of the input powers because they excite the even normal 
mode of the branching section (Fig 1.17.(a)). When the two incident beams are 180° 
out of phase, no output guided mode is obtained, since the odd mode excited in the 
branching section is converted into the radiation mode when it passes through the 
tapered section (Fig. 1,17(b)). If the light beam is incident from one arm of the 
branching fork, even and odd normal modes of the branching section are equally 
excited. The power carried by the odd mode is lost as radiation in the tapered section, 
and only half of the input power is obtained at the output end of the straight-guide 
section (Fig. 1.17(c)) Recently, Tsutsumi, et al[L97], in their analysis of single-mode 
optical Y-junctions by the bounded step and bend approximation, showed that the 
transmitted power would deteriorate rapidly as the branching angle increases above 
1°. This is due to the strong mode conversion between guided and radiation modes 
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Fig. 1 .16 The limiting behaviour of (a) mode splitters and (b) 
power dividers for single local normal mode input (/； and /j)11-941 
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Fig. 1 .17 Basic operation of the single-mode Y-
junction and analogy to the beam splitter.".95� 
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when Y-junctions operate as a power divider. This in agreement with the low-loss 
criterion to optical waveguides and devices put forward by Love[169�. 
Using the Beam Propagation Method11.98.1.100】，the significant increase in 
radiation loss as a result of large half-branching angle 6t can also be demonstrated. 
Fig. 1.18(a) and 1.18(b) show respectively the amplitude plots of the propagating 
beam in a single-mode Y-junction of arm width wx = w2 = operating 
wavelength X = 1 弘m with half-branching angle & = 0.25° and 3.000. Obviously, 
it can be observed in Fig. 1.19(b) that there is a significant increase in radiation loss 
at the central region between the two arms. The transmission losses are 0.32dB and 
5.12dB at 0.250 and 3.00° respectively. 
Fig. 1.19 shows the transmission ratio T plotted against various half-branching 
angle $i for waveguide index difference 6^=11^=0.001. The transmission ratio is 
defined as the ratio between the total transmitted power at the two output ports to the 
incident power at the stem of the Y-junction. As ^ increases beyond 0.5°, T drops 
quickly indicating that a significant increase in transmission loss. 
Thus devices using Y-junctions suffer from radiation losses, particularly 
abrupt-bend structures with relatively large half-branching angle. This is the main 
disadvantage of using Y-junction as a power divider. In Chapter 2, we will discuss 















































































































































































































































































































































































It can be seen that there is a very great demand in the research and 
development of integrated optical system especially OIC for various aspects of 
applications. The applications of branching waveguides, in particular Y-branch 
structure, in various kinds of integrated optical designs are highly essential. The 
characteristics of branching waveguides must therefore be analyzed numerically 
before the performance of the devices using branching waveguide can be accurately 
predicted and controlled. Devices using Y-junctions have the advantages that no 
precise adjustment of the propagation constant is required. However, it has the 
drawback of radiation loss especially in the applications where large branching angle. 
We will propose a Phase Front Accelerator (PFA) design to tackle this problem. 
Beam Propagation Method (BPM) is a powerful numerical technique to 
perform analysis on optical waveguides. The operation mechanisms and its adaptation 
to integrated optical geometries will be described in Chapter 3. Using BPM as an 
analysis tool, the basic operation principles of the PFA, involving both the structural 
and accelerator effect[L1023 will be discussed in more details in Chapter 4. Chapter 5-
6CL103"l4lm] will demonstrate the applications of PFA for power redistribution which is 
applied to various kinds of waveguide structures. In Chapter 7[1*105], we will show 
how the addition of PFA will affect the transmission ratio of asymmetric Y-branch 
waveguides, depending whether the structure operates in the mode-splitting or power-
dividing regions. Since LiNb03 will be used as the substrate in optical waveguide 
devices because of its low loss and ease of fabrication. In Chapter 8，we shall briefly 
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review the fabrication process of titanium in-diffused waveguides in LiNb03. In 
considering the practical difficulty of implementing the sharp point tip required in the 
PFA design, we propose a low-loss truncated structural Y-branch[1106] which can be 
implemented more easily. Detail analysis and experimental demonstrations111071 will 
be described in Chapter 9. Finally, a conclusion will be given in Chapter 10. 
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Chapter 2 
Phase Front Accelerator Design 
2.1 Introduction 
As we mentioned in previous chapter, devices using Y-junctions suffer from 
radiation losses, particularly abrupt-bend structures with relatively large branching 
angles. The radiation loss can be reduced by employing circular bends with constant 
curvature and by increasing the refractive index difference between the core and 
cladding^1-2-23. However, light propagating in a curved-waveguide structure is subject 
to radiation and scattering losses, mode conversion, and reflection depending on the 
degree of bending. Marcatili[2-3] derived a transcendental relation for the attenuation 
per radian in a curved waveguide. Numerical results based on the effective index 
analysis of Furuta et at.p4] and curves presented by Maxcatili showed that the 
difference An in effective refractive index between the waveguide core and its 
surroundings has to be at least 0.01 for an acceptable radiation loss of 1 dB/rad. This 
is equivalent to a radius of curvature of a few millimeters compatible with integrated 
optics. Consequently, in guide with a large refractive index step scattering loss due 
to surface imperfections will unavoidably increase. In fact, such losses increase as the 
square of refractive index difference increases. Corner reflectorpJ"2-8], Fig. 2.1 is 
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another method reported to make a large directional change. The principle is based 
on the reflection of propagating light by diminishing the penetration of the modal field 
into the outer edge of the corner. Air or metal is used as the reflector. However, 
losses in corner-reflector-type bends having large An are sensitive to the roughness 
of the corner surfacep 5>2-8], and precise mask alignment is also required in the 
fabrication processp8]. In fact, a loss as high as 12% would be incurred by a 
misalignment error of 0.5^m in the position of the etched wallp'5]. Carroll, et alp.9-210] 
proposed a novel asymmetric reflective Y-coupler, Fig. 2.2, to build a switch based 
on the principle of corner reflector. It was estimated to have a loss of 0.8dB for zero 
order input modes in addition to mirror losses. Moreover, Radcliffe, et alp l l ] also , 
reported a new bend design which has high An guides located just outside the bend 
region of the weakly guiding structures to create "outrigger" guides. Fig. 2.3 show 
structures with "outriggers" , the main waveguide is of the low An variety, whereas 
the "outrigger" guides have a much higher index. Theoretical analysis indicated that 
a loss of 0.63dB can be achieved. However, the authors cannot explain clearly the 
working mechanism of these "outrigger" in a bend so as to reduce the radiation loss. 
In fact, no design guideline was given and the application of this idea in a Y-junction 
is very difficult. Using a low refractive-index region outside the corner of a 
waveguide bend, Shiina, et alp l2] showed that bending loss of an abrupt-bend 
structure could be reduced even with relatively large tilt angles. The structure is 
similar to corner-reflector bends, but its operation is different. The refractive-index 
difference An between the core and the outside of the corner is small, so the modal 
field penetrates into the outside of the corner. This region is known as phase front 
accelerator. From numerical simulations based on the beam propagation method, and 
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from basic experiments, the proposed structure is shown to have low bending losses 
compared with those of conventional abrupt bends. In our recently proposed novel Y-
junction design[113], we introduce deliberately a relatively low refractive index region 
at the central region of the Y-junction so that the region will operate as a phase front 
accelerator (PFA) for the propagating mode. It was found that the transmission loss 
normally associated with a large branching angle could be significantly reduced. The 
device length could also be shortened, thus enabling the packing density of these 
integrated optical devices to be increased. In the following sections, we will discuss 
the design of PFA in abrupt bend and Y-junction structure in more details. 
Furthermore, some important features in using PFA design will be highlighted. 
2.2 PFA design in abrupt bend structure 
In integrated optical circuits, bending structures joining two or more straight 
waveguide sections are required to change the direction of propagation. However, 
abrupt bend structures will cause a rotation of the phase fronts for the local modes[114-
115J. Such 
an angular displacement of phase fronts represents a perturbation causing 
the mode conversion in the propagating wave, thus leading to bending losses due to 
radiation modes. It was well recognized that abrupt bend structures with tilt angle 
larger than 1° would have their transmission losses increased rapidly. Fig 2.5(a) 
shows the BPM analysis obtained for a bending waveguide. The waveguides are 
assumed to operate in single-mode TEq and the waveguide index difference Ar^^rif 
no=0.001. The width of the single-mode waveguide is 6/rni and the operating 
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wavelength is X=l/xm. The bending angle,仏，was chosen to vary among 1° to 4° for 
conventional bend structures as in Fig 2.4(a). It is clearly demonstrated from Fig 
2.5(a) that as the bending angle increases more propagation power will be converted 
to radiation power. In order to reduce the loss, Shiina, et alp l2] proposed a modified 
abrupt bend structure as shown in Fig 2.4(b), in which the n2 region has a refractive 
index slightly lower than (or equal to) that of the cladding, 1¾. The model field is 
allowed to penetrate into the shaded n2 region, also known as the PFA region, with 
PFA angle, 02. Owing to an increase in the refractive index difference between % and 
n2，the modal field will refract, resulting in a smooth directional change of the 
propagation beam. 
To compare the power transmission ratio between the conventional and the 
modified abrupt bend structure, the BPM is employed to do the analysis of this two 
modified structure. All the parameters are the same as the above and the additional 
parameter d2 which was required for the modified structure was chosen to be half of 
that in conventional bend structures. Thus, the refractive index difference An2=n0-n2 
is 0.002 . In Fig 2.5(b) it can be observed that the radiation loss is significantly 
reduced. Comparing the transmission loss in the two structures in Fig. 2.5(a) and Fig. 
2.5(b) for a propagation length of lmm, Table 2.1 shows that the transmission ratio 
of the abrupt bend structure has been improved from 0.24 dB to 12.4 dB as the 
bending angle 0X increases from 1�to 4° using the PFA design. It should be noted that 
the modified structure will reduce the bending loss significantly for bending angles 
larger that 1°. 
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T Conventional Abrupt Bend PFA Design For d2 = Vie2 Improvement 
1° 0.87 0.92 0.24 dB 
2° � 0.50 098 2.92 dB 
3° 0.17 0.97 7.56 dB 
4° 0.05 0.87 12.41 dB 
Table 2.1 Comparison of transmission ratio, T between conventional abrupt 
structure and the modified design for various bending angles among 1° and 
4° after a propagation distance of 1mm. 
2,3 PFA design in symmetric Y-junction 
A conventional symmetric Y-junction employing the tapered-and-
separating structure with a half-branching angle Bx is shown in Fig. 2.6(a). 
The Y-junction consists of three parts, viz the stem, the taper and the fork 
region. Our proposed designs deliberately introduce a PFA design, shaded as 
shown in Fig. 2.6(b), with a half accelerator sector angle，化 and a refractive 
index n2 which is slightly lower than that of the cladding index n^ 
In this design, two new effects will be introduced, viz. the structural 
effect and the accelerator effect. As shown in Fig. 2.6 the tip of the PFA 
sector is designed to cut deeper into the tapered region of the junction, thus 
altering the structure of the Y-junction. The PFA sector has also created a 
region of lower refractive index region n2 than the substrate index n�thus give 










































































the same as that of the substrate index i.e. An2=n�-n2=0，then only structural 
effect remains. We will discuss these PFA effects in more details in Chapter 
4. and we will highlight some advantages in using this PFA design. 
2.4 Advantages of using PFA design 
There are so far three distinct advantages in using PFA design. First, 
the transmission loss normally associated with a large branching angle can be 
significantly reduced. Fig. 2.7(a) and 2.7(b) show respectively the amplitude ‘ 
plots of the propagating beam in a Y-junction of = 3° with and without ‘ 
PFA sector of 92 = 1.5°. It can be observed that the radiation loss is 
significantly reduced. In this case, the loss for the conventional structure and 
PFA structure were 5.23dB and 1.25dB respectively, an improvement of 4dB 
could be achieved in this illustration. In some cases, it was shown that the 
reduction in loss can be improved by more than 9dB. 
Secondly, the device length can be shortened for small branching angle 
using the PFA design structure. Fig. 2.8(a) and 2.8(b) show the amplitude 
plots of the propagating beam in a conventional Y-junction of ^ = 0.5° with 
and without PFA ofd2 = 0.25°. In Fig. 2.8(a), it can be seen that the single-
mode optical energy starts to split at point Sa into two peaks after propagating 
about 0.9mm. However, in Fig. 2.8(b) the optical energy will begin to split 



















































































































































































































(a) Conventional Y-junction 
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(b) Modified Y-junction with PFA 
Fig. 2 .8 The amplitude plots of the propagating beam in symmetric Y-
junction of half-branching angle 01 = 0 . 5 ° and PFA sector angle 6 = 0 . 2 5 0 
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the power division occurs 0.3mm earlier in Fig. 2.8(b) than in Fig. 2.8(a). 
This illustrates that the device length can be shortened, thus enabling the 
packing density of these integrated optical device to be increased. 
The last advantage, also the most attractive one, is that redistribution 
of the incident modal power among the output branches, which may be more 
than two branches and unequal in arm widths, is made possible using PFA 
design. In Chapter 5，we will show how equal power division can be achieved 
in a 1x3 single-mode branch using a pair of PFA sectors. In chapter 6, we 
illustrate that asymmetric power division is possible in a symmetric Y-junction , 
using either a symmetrical or asymmetrical PFA sector with non-zero . 
transverse tip offsets and axial displacements. In addition, symmetric power 
division can be achieved in an asymmetric Y-junction in Chapter 7. In all 
these applications, PFA design preserves the advantage of reducing the 
transmission loss but providing power redistributing capability at the same 
time. This combined features allow the PFA structure to be used in designing 
and modifying various kinds , of integrated optical devices using branching 
waveguide structures, 
2.5 Summary 
Although, there are a number of methods reported to tackle the 
J ‘ 
radiation problem due to abrupt bend structure based on individual situations, 
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there is however a need of simple and unifying method which can be applied 
easily to various kinds of branching structure. Because of this, we have 
proposed a new PFA design structure. There are so far three advantages .… 
mentioned above. First, the transmission loss normally associated with a large 
branching angle could be significantly reduced. Secondly, the device length 
for a small branching angle device could be shortened, thus enabling the 
packing density of these integrated optical devices to be increased. Thirdly, 
PFA could be used for power redistribution among the output ports of a IxN 
branching waveguide. In combining the capability of reducing transmission 
loss and redistributing incident power, PFA structures will be very useful in 
designing and modifying various kinds of integrated optical devices consisting , 
of branching waveguides. 
The Beam, Propagation Method (BPM) is a common and powerful 
numerical technique to perform analysis on optical waveguide. The operation 
mechanism and its adaptation to integrated optical geometries will be 
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Beam Propagation method (BPM) 
3.1 Introduction 
Integrated optical waveguides have normally been analyzed by a variety of 
methods. Each of those methods has its specific set of advantages and is therefore , 
particularly suited for solving certain types of problems[31]. Apart from some special 
purposed methods such as couple-mode theory13 21 which has been used quite 
successfully in predicting the coupling efficiencies of single-mode uniform core 
structures, all the general methods can be classified into three basic categories which 
are effective Index method[3 3], the finite element method[3 4] and beam propagation 
method[3-5"3-6]. 
3.1.1 Effective index method 
The effective index method is a widely adopted approximation technique which 
allows one to calculate the effective refractive index of a strip guide by means of the 
solution of a set of slab waveguide eigenmode problems. Computationally, this 
method is simple and is therefore used commonly to obtain approximate solutions for 
3-1 • I 
the guided modes of an integrated optics guide. In order to improve the accuracy of 
effective index method, a number of modified effective index methods, namely dual 
effective index method[3-7】，azimuthal effective index method13 81 and corrected index 
method[3,9], have been reported recently. 
3.1.2 Finite element method 
The finite elements method is another very powerful approach which is used 
to calculate the eigenmodes of optical waveguides. This method, usually based on a 
variational formulation for the eigenmodes, is much more complicated than the 
effective index method. It requires the use of large computers and consumes a lot of , 
CPU time 
since a large matrix eigen-value problem needs to be solved. Moreover 
it has the capability of calculating accurately the guided modes of an optical guide 
with an arbitrary cross-section and refractive index distribution. Anisotropic material, 
topographic guides with large refractive index variations in different directions can 
• - • . I 
all be treated by a full vectorial analysis. The appearance of spurious modes makes I 
the application of the finite element method difficult and unpractical in the case of 
I 
multimode waveguides. 
3.1.3 Beam Propagating Method 
The above two methods discussed so far can only compute the guided 
eigenmodes of straight waveguides with constant cross-section. In integrated optics 
this 
constitutes only part of the required information since typical circuits contain 
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several waveguide structures such as bends, junctions, gratings, couplers, polarisers 
etc. In all those cases both the guided and the radiation fields need to be computed. 
Because of this, a third numerical technique, called Beam Propagation Method, has 
• •fc." 
been developed and has frequently been used to solve varies types of integrated 
optical components, particularly those structures mentioned above1310*3.16]. The BPM 
is a powerful method for calculating the field propagation of a light beam through an 
inhomogeneous medium with a small variation of the refractive index. The method 
is basically consisted of propagating an input light beam at z=0 over a small distance 
Az through a homogeneous medium with refractive index n0 and then multiplying the 
resulting field by a phase correction factor which compensates for the inhomogeneity 
as actually seen by this beam during the propagation step. , 
However there are three basic assumptions necessary for the validity of the 
BPM which include negligible backward reflections paraxiality of the fields and low 
contrast of the dielectric structure. These assumptions, in fact, impose limitations in 
the application of BPM to some other problems. Recently, a number of papers have 
been reported to tackle those limitations. 
a) Kaczmarski, et al[317] proposed a bidirectional beam propagation method which 
is based on a self-consistent extension 'of the BPM in two propagation 
directions so as to allow the analysis of reflections in waveguiding structures 
containing longitudinal discontinuities. This method has been shown 
successfully in the analysis of a semiconductor laser facet consisting of a 
symmetric slab waveguide bounded by a plane vertical interface. 
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b) The paraxiality of the field also limits the BPM in the analysis of bent 
structures. In the case of waveguides with a constant radius of curvature, the 
• 
BPM will fail for longer waveguide segments once the direction of the 
waveguide axis differs markedly from its initial values so that the propagating 
electric field looses paraxiality: Danielsen, et al[318] proposed a modified 
method which consists of evaluating the electric field after each propagating 
step along a new set of coordinate axes which are rotated with respect to the 
initial coordinate axes in such a manner that the propagation direction always 
coincides with the tangent to the waveguide axis. 
c) The third limitation can be solved by combining the BPM with the effective 
index method which takes care of the strong guidance effect between the air 
and the guide0*1?* This method is simple and is very suitable into the analysis 
of slab or planar waveguide problem. Recently, Yevick, at elp.20] have also 
developed a more complex technique for the spectral analysis of strongly • 
guiding optical waveguide media based on Matrix Beam Propagation Method 
(MBPM)[3 21]. This method is particularly useful in the 3-D analysis of rib 
waveguides structure. 
In conclusion, the ability of the BPM to model accurately various kinds of 
waveguide components is certainly its most important advantages when solving 
integrated optic problems. In the next section, the principle of BPM and its adaptation 
to integrated optic geometries will briefly be described. 
I 
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3-2 Theory of Beam Propagation Method 
The BPM is based on split operator and Discrete Fourier Transform 
techniques (DFT). DFT offers an added advantage in providing an accurate dualistic 
description of the field. As we have mentioned above, one of the assumptions of BPM 
is negligible backward reflection. This implies that there are no large discontinuities 
of the refractive index in the propagation direction or that reflection from small 
discontinuities does not add in phase. Generally, the BPM can be derived from either 
. . . : I 
Helmholtz equation or the Fresnel (parabolic) equation. We will derive for both 
equations in next two sections, but the BPM derived from Helmholtz equation is used ‘ 
for the numerical simulation of this thesis. 
I I I I 
3.2.1 Helmholtz Beam Propagation Method (HBPM) 
To derive the numerical method, we begin with the assumption that the 
propagation of a single frequency component of the light in a waveguide can be 
described by the scalar Helmholtz equation 
V2 丑 + k2n2E = 0 3.1 
where E(x，y，z) is the transverse component of the electric field, k = 2x/X, and 
n(x，y，z) is the refractive index. The solution of EQ. 3.1 at z=Az may be written 
I. 
. - ,I 
formally in terms of the field at z = 0 as 
2-5 
1 3.2 
E(xfyfAz) = exp [±iAz(V^+k2n2) 2]E(xfyr0) 
where V±2 = d2/dx2 + d2/dy2^22\ The square root in EQ. 3.2 can be written in the 
form 
( • 丄 2 + k^n2) • = . ： _ ^ + kn 3.3 
[Vx2+ic2j22] T + kn 
If n in the first right hand member of EQ. 3.3 is replaced by the reference value nOJ 
where nQ is typically the value of n in the substrate, EQ. 3.3 becomes 
(Vx2 + k2n2) ^ « — ^ T + 虹 0 ( + - 1 ) 3.4 
[V丄2+約02” + knQ � 
The approximation in EQ. 3,4 is valid for sufficiently small variations in n(x，y，z). 
It will be convenient to extract from the z dependence of E(x，y，z) a carrier wave 
moving in the positive z direction. Thus we write 
E{x,yt z) = e (x, yt z) exp ( - i k n Q z ) 3.5 
where e is the complex field amplitude moving in the positive z direction. 
Substituting the expression in EQ. 3.2 gives 
e(x,y,Az) - exp[-ikAz(n(xfyf Az) -220) ] x 
3.6 
•2 
e x p [ - i A z ( ^ - ) ] e ( x , y , 0 ) 
(V!+ic22202) T + knQ 
2-6 
The exponential factor on the far right is called the propagation factor which is 
equivalent to propagating a beam through a distance Az in a homogeneous medium 
with refractive index 1½. The factor on the left is the phase correction factor which 
accounts for the inhomogeneities in the medium. 
3.2.2 Fresnel Beam Propagation Method 
Substitution of EQ. 3.5 into EQ. 3.1 yields the following equation for the 
complex field amplitude e 
- - 0 + 2 i i c n o | f - Vx2e + Jc2 (n2-n02) e 3'7 
We can assume that the complex amplitude varies much more rapidly transverse to 
the direction of propagation than it does along the direction of propagation. This 
enables us to make the paraxial approximation and neglect the first left hand member 
of EQ. 3.7. So, the complex amplitude now satisfies 
= V丄2e + k2(n2-n^) e 3.8 
We will solve EQ. 3.8 numerically in the following manner. Let us write e(x,y,z) in 
the form 
e(xfy, z) = v (x ,y , z) exp [V(x,yf z) ] 3.9 
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where r(x，y，z) is a phase function associated with the medium imhomogeneities 
• z 
r ( x , y , z ) “ 甚 f [222 ( x ,y , z / ) _ n02]dz/ 
2i1q i 
3.10 
二 _ ikAn2 (x, y, z) Az 
: 一 ~ 2 n 0 — — 
The modified complex amplitude p(x,y,z) then satisfies the equation 
i2kn°Tzv + 卿 ⑷ 兄 2 [ exp(D v] = 0 3.11 
For sufficiently small increments in the z direction and an appropriately chosen lower 
limit in the integral in EQ. 3.10, the value of the v(x，y，z+A) can be obtained to a 
good approximation by solving the simpler equation 
(i2kn0-^- + V±2) v ( x f y f z ) = 0 3.12 
Physically, these equations approximate the propagation in the inhomogeneous 
medium by a two-step process at each z increment. First, we propagate the field 
Kx，y，z) at z to z+Az, assuming that the intervening space is homogenous. The effect 
of the inhomogeneities between z and z+Az is then accounted for by multiplying this 
solution by the phase correction factor exp(r). 
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The solution of EQ. 3.12 at z = Az may be expressed in terms of "(x，y，0) as 
• a yrj 2 
v Az) = exp ( - \ 严 丄 ) v (x,y,0) 3.13 
2kn0 
. • “ � 
Hence the propagation of e can be computed by 
’a 2 
e(xfyfAz) = exp (D exp ( — ~ i - ) e(xtyt0) ^-14 
2kn0 
For the two-dimensional case, an accurate numerical representation of the 
propagation factor can be obtained by expressing e(x,z) as a Fourier series with a 
finite number of terms as shown below: 
~2 
e(xf z) = Y,气exp(27ti^p) 3.15 
•12=- —• +1 2 
where L is the length of the computational grid, n corresponds to the 11th angular 
component and N is the grid points. The propagation factor can then be easily treated 
in the angular domain by replacing •丄2 with - (2 t i i /L) 2 . 
In combining the BPM with the effective refractive index method to the 
analysis of integrated optical waveguides[319], we can reduce the three-dimensional 
problem to a two-dimensional one. This can be done by first calculating for each 
value of x the effective refractive index of the slab waveguide with the corresponding 
refractive index variation in the y-direction. This reduces the three dimensional 




























































































This resulting two-dimensional problem will not contain any large refractive index 
steps and can easily be solved by means of a two-dimensional BPM provided the 
effective indices satisfy the normal restrictions of the BPM. The TE or TM type of 
the propagated field can be chosen in the first effective refractive index step, which 
takes care of the strong guidance effect between the air and the guide/An important 
advantage of combining BPM with the effective index method to the analysis of 
integrated optical waveguides is the computational efficiency[3 23]. The solution of the 
slab waveguide problem is relatively simple, while the BPM only requires a one 
dimensional FFT which greatly reduces both the required computer time and memory. 
3,3 Simulation consideration 
In the implementation of the BPM using the two-dimensional form for 
integrated optical waveguides, a number of initial considerations and iterative steps 
as shown in the algorithm flowchart Fig 3.2 have to be considered: 
a) An initial two-dimensional refractive index profile (RIP) of the waveguide 
component is generated using the effective index method. The TE or TM type 
of the propagating array field can be chosen in the first effective index step 
and is calculated by solving the corresponding normal eigenvalue equation. 
b) Since the homogeneous E field propagation is calculated in the angular domain 
using the propagation factor and the inhomogeneous phase correction is done 
2-11 
in the spatial domain, the fast Fourier Transform (FFT) operation is used to 
transform the E field between the spatial and angular domains. To ensure 
computational efficiency, N should be chosen as the power of 2. The number 
N is chosen by compromising accuracy, computation time and the grid 
resolution. In this thesis N=512 was used. 
c) Inhomogeneous phase correction term is inserted in the spatial domain to each 
element of the new array field. The current RIP will then be updated for the 
next propagation step according to the waveguide structure. The propagation 
step size Az has to be chosen for good accuracy and stability, but special 
attention has to be paid to the computation time. Radcliffe, et al[3'n] suggested 
that the scale for the step would be determined by the operating wavelength 
and would be estimated at X/nsubstrate. In most of our analysis, Az=2^m has 
been chosen. 
d) Step (b) to (c) is repeated until the required propagation length L is reached. 
A monitoring program is inserted to check for the convergence and stability 
of the E field throughout the computation process. The grid size Ax and the 
propagation step Az is subject to refinement if one of the above condition is 
found to be unsatisfactory and the whole process has to be restarted again as 
shown in the flowchart of the BPM algorithm in Fig 3.2. 
2-12 
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No 
j T Yes 
C End “ ) 
Fig. 3.2 Flowchart for implementing the BPM algorithm 
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3.4 Conclusion 
The operation mechanism of BPM and its adaptation to integrated optical 
geometries have briefly been described. Simulation consideration in implementing the 
BPM algorithm has been discussed. The BPM offers a powerful design tool for 
integrated optic circuits as a numerical simulation for the propagation of light 
including both guidance and radiation phenomena. In the following chapters, two 
dimensional BPM is used for different branching waveguide structure. 
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Operation Mechanism of Phase Front Accelerator 
I 1 • • 
4.1 Introduction 
I 
• I • I I 
In this chapter, we will explain the basic operation mechanisms of the Phase 
I 
Front Accelerator (PFA) in terms of both the structural effect and the accelerator 
I 
effectC4*I]. We will also analyze in details the choice of branching angles when PFA 
. 5 
structures can be applied to reduce the transmission loss significantly when compared | 
to conventional junction waveguides with large branching angle. However it should 
I I be noted that for branching angles smaller than a certain critical angle, the loss due 
\： • . . . r： 
to the modal mismatch caused by the PFA will become dominant and the transmission | 
I 
I 
loss will increase instead if PFA design techniques are used. I 
4.2 Structural effect and Accelerator effect 
We will explain the basic operation mechanisms of PFA effects in symmetric 
Y-junctions by considering separately the structural effect and the accelerator effect 
as illustrated in Fig. 4.1. For the structural effect as shown in Fig. 4.1(c), the tip of 
3-1 j 
the Y-junction was designed to cut deeper into the main stem, and the tapered region 
of the junction with an angle 02 (called PFA sector angle) was smaller than the 
branching angle This modified structure would help to divide the incoming optical 
power into the two output branches much more smoothly, thus reducing the 
transmission loss due to mode conversion between guide modes and radiation modes. 
As the branching angle increases and the radiation loss increases significantly, we 
M 
I 
expect the structural effect would become more significant as the PFA structure 
would guide more optical power into the two output branches. This will be proved 
to be correct in the next section. 
• I 
For the accelerator effect where a lower refractive index sector, n2 (n2^rio) is � S 
introduced as shown in Fig. 4.1(d), the refractive index difference, An12=n1-n2, will 1 , I 
I 
increase. The loss due to the modal mismatch near the interface will therefore | 
I 
I 
increase [4*2,4'31. Hence if we keep this index difference small, the PFA sector will | 
£ 
help to channel the divided modal field into their corresponding branches with smaller 
I 
I 
modal mismatch, thus keeping the loss small. Fortunately this adverse effect is offset | 
I 
by the phase-front accelerator effect in which the modal field will refract (and the I 
> 
wavefront will accelerate), resulting in a smooth directional change of the propagating 
beam into the two output branches[4 4�. When the loss due to the modal mismatch 
caused by An12 is larger than the transmission gained using the PFA effect, we expect 
the loss of Y-junctions would not be reduced. Under this condition, Y-junction using 
PFA structures should not be used. 
3-2 j 
2 ¾ n 1 ^ ^ nO 
w w 
nO nO nO nO 
II II 
a. Conventional structure b. PFA structure 
f f 
nO nO nO nO 
11 II 
c. Structural effect d. Accelerator effect 
Fig 4.1 Normal Y-junction and Modified Y-junction 
3-3 j 
4.3 Analysis and Discussion 
To compare the power transmission ratio between the conventional and the 
PFA structure, the beam propagation method (BPM) derived from the Helmholtz 
equation was employed to do the numerical simulation. By compromising 
computational efficiency, accuracy and stability, we have chosen N=512 as the 
number of grid points, Az=2jLtm as the propagating step size, Ax=0.3/im and 
L=lmm as the length of the computational grid. The waveguides are assumed to 
operate in single-mode TEq and the waveguide index difference 厶〜is chosen to vary 
from 0.001 to 0.003. The width of the single-mode waveguide is 6fim and the 
operating wavelength is lfim. The half-branching angle, 9U was chosen to vary 
between 0.5° to 4.5° for conventional structures, while the PFA sector angle, 92 was 
chosen to be half of that in conventional structures. The PFA index difference 
An2(=n0-n2) varies from 0.001 to 0.002. 
Fig. 4.2 shows the transmission ratio, T plotted against the half-branching 
angles when only the structural effect is considered. As the branching angle is 
varied, the structural effect stays fairly constant and the transmission loss is reduced 
effectively by an equivalent angle 0 when compared with the normal Y-branch. As 
Anx increases, the transmission loss is further reduced, hence the equivalent angle 
increases further. We found that the equivalent angle, 0=0.25。，0.5° and 0.750 for 
An^O.OOl,0.002 and 0.003 respectively as shown in Fig. 4.2. Thus when 
considering the structural effect only, the modified structure will reduce the 

























































































































































































































Fig. 4.3 shows the transmission ratio T plotted against various half-branching 
angles when only the accelerator effect is considered only. The substrate index stay 
unchanged while the waveguide index difference varies from A^ =0.001 to 0.003 as 
shown in Fig. 4.3(a) to 4.3(c). The accelerator effect is plotted with PFA index 
difference, An2=0.001 and 0.002. Fig. 4.3(a) shows that the accelerator effect 
curves and the normal Y-branch curve intersect one another at critical angles, and 
oi2. For half-branching angles less than olx and An2=0.001, the structure will increase 
the transmission loss instead and the PFA design should not be used. For half-
branching angles larger than a2, the accelerator effect will reduce the loss of normal 
j 
Y-junction. Fig. 4.3(b) and 4.3(c) show the accelerator effect when A^ ==0.002 and 
a I 
I 
0.003. Table 4.1 summarizes the various critical angles a. for different � a n d n2. 
. 'm" j 
The table will provide an easy design guideline when PFA structures should not be 




4.4 Figure of merit in using PFA design ! I 
X - 4 
Fig. 4.4 shows the combined structural and accelerator effect on the 
transmission ratio for PFA structures. The same design guidelines can be applied as 
in Fig. 4.4. The combined effect shows that the critical angles are reduced to around 
1° as shown in Table 4.2. For half-branching angles around 1°, the transmission 
improvement gained by the structural effect will be offset by the accelerator effect. 
But as the branching angle increases, the accelerator effect will become dominant and 



































































































































































































































































































































































































































































































































































































































































































































































































































































’.• ^ : — . . . 
v n I — — — p — ~ 
1 1.501 1.502 1.503 
^T^^ 
0.001 1.15 1.23 1.65 
. . 
0.002 1.51 1.80 2.30 I i 
j I 
Table 4.1 Critical angles for PFA design guidelines 
(accelerator effect only) 
i 
i 
. . I 
~^ : i 
" \ 门 1 I 
1.501 1.502 1.503 ： 
0.001 0.85 0.91 0.92 
0.002 1.03 1.14 1.32 









































































































































































































































































































































































































































































































































































































































































































































































































































































































We have explained the operation mechanisms of PFA structures in symmetric • 1,. • 
Y-junctions using separately the structural effect and the accelerator effect. It is 
important to note that simple design guidelines in terms of critical angles should be 
followed if PFA structures are to be used in Y-junctions to reduce the transmission 
loss. For branching angles smaller than the critical angle, the loss would be 
increased instead. In the following three chapters, we are going to demonstrate some 
applications of PFA other than reducing transmission loss. In these applications, PFA 
can be used to re-distribute the input power among the output branches by varying 
the position of the PFA tips and the area of the PFA sector in both symmetric and 
asymmetric branching design. 
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A 1x3 optical power divider using PFA design 
5.1 Introduction 
In integrated optical systems, branching circuits are essential components in 
distributing signals from one input port to several output ports. As we have mentioned 
previously that Y-junction dielectric waveguides have been the subject of extensive 
theoretical and experimental investigations^*1"5,41. This is due to its potential 
applications as power dividers, switches/modulators, sampler, etc. in integrated 
optical circuits. However, multi-branch waveguides with more than two branches 
have received much less attention because of the difficulty in controlling the output 
power distribution in such devices. In some application such as analog-to-digital 
converters[5 5], however, equal power output is required. 
For 1x3 optical branching waveguide structures, Belanger, et al[5 6] studied the 
power transmission properties of the structures as passive power dividers with respect 
to the branching angle and the relative index distribution in the branches. With a 
uniform index distribution in the branches and for sufficiently large branching angles, 
they showed that more power from the main guide would flow in the central branch 
2-1 
than in the two side branches because of the tilted wavefront in the two side branches. 
They investigated the conditions for equal power division in multi-branch waveguide 
structures based on the effective index and the field matching techniques. Becker and 
Johnson[5/7] examined the splitting ratio of a 3-guide branch using a coupled-mode 
technique which also took into account of the mode coupling between the separating 
waveguides and mode conversion along the tapered region. Assuming the input light 
is in the fundamental guide mode, it was shown that for wide separations the 
amplitude in the side branches of the fundamental local mode is a factor of 0.707 
lower than in the central branch. For small branch angles, where the structure 
becomes adiabatic, all the power remains in the fundamental mode. However, it was 
clearly shown in the analysis that equal power division condition (for equal branch 
width) could not be achieved by varying the branching angle alone. In order to 
achieve equal power division, we must modify some other waveguide parameters such 
refractive index, width guide geometry, etc. Haruna, et al[58] demonstrated the 
feasibility of the control of power distribution by modifying the index distributions 
in the branches in such a way that the effective index of central branch is slightly 
lower than side branches. As a result, more power will be channelled to the side 
branches. In practice, it was achieved by depositing an extra layer of dielectric 
cladding so that the effective indices in the two side branches would be increased. By 
controlling the thickness of such dielectric cladding layer, a condition for equal power 
division could be obtained. Apart from using a dielectric cladding, the index 
distribution in a 1x3 branch can also be controlled by means of the electrooptic effect 
as reported by Belanger, et al[5,9] recently. 
2-2 
In this chapter, we demonstrate an alternative design by using PFA structure 
to achieve the condition for an equal power division in a 1x3 optical branching . 
circuit15101. 
• -k . -
5.2 Design Structure 
A conventional symmetric 1x3 branching circuit using a Y-junction structure with 
a branching angle 0o between adjacent branches is shown in Fig. 5.1(a). Using our 
proposed novel designt511] for integrated optical single-mode symmetric Y-junctions, 
we deliberately introduce a pair of PFA regions (shaded as shown in Fig. 5.1(b)) 
between two adjacent branches and bounded by angles ^ and d2. The tips of these 
regions are allowed to cut deeper into the tapered area of the junction. The PFA 
regions effectively act as asymmetric power dividers between the central branch and 
the side branches, thus allowing a certain portion of the incoming energy to propagate 
along the three branches. By varying the positions of the tips (i.e. and d^ and the 
areas of the shaded regions (i.e. between angles 9X and the power distribution of 
the output branches can be controlled. As the shaded region also has a refractive 
index n2 which is slightly lower than that of the cladding, no,^111 the phase front 
of the modal fields will be channeled into their corresponding branches without 
causing significant modal mismatch15-121. 
2-3 
5.3 Results and Discussion 
To demonstrate the operation of such optical branching circuit design, the BPM 
was employed to do the numerical simulation. The waveguides are assumed to operate 
in the single-mode TE0 and the refractive index parameters are chosen as: An!= 
0.002 and An2 = 0.002. The operating wavelength is \=lf im, the angle between 
the adjacent branches, 0o, is 1/100 radian and the PFA region is optimized by 
choosing Qv =1/125 radian and 92 = 1/630 radian. The locations of the tips of the 
phase front accelerator regions are set at dx = 0, and d2 — 1.2 pcm. Fig. 5.2(a) and 
5.2(b) show respectively the amplitude plots of the propagating beam in a 
conventional structure and our proposed 1x3 optical branching circuit design. It can 
be observed that the distributed power at the central branch in Fig. 5.2(b) is reduced 
(compared to Fig. 5.2(a)) while the power at the side branches is increased. The 
result shows that the proposed design structure will redistribute the modal power for 
the three branches instead of attenuating the energy in the central branch[5-23. The 
relative power output ratio of the 3 branches in Fig. 5.2(a) is 0.27 : 1 : 0.27, while 
that in Fig. 5.2(b) is 1.01 : 1 : 1.01. If we consider only the structural effect of the 
PFA regions (i.e. when An2 = 0), equal power division can still be achieved by 
choosing Bx = 1/135 radian and 02 = 1/580 radian and a different tip position 屯 = 
160/im, d2 = 1.2/xm. In this case, the relative power output ratio of the 3 branches 
is 0.99:1:0.99 as shown in Fig. 5.2(c). As far as the fabrication process is concerned, 
a device employing structural effect alone in its operation is much easier to be 
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Fig. 5.2 The amplitude plots for the propagating beam in a 1x3 
branching waveguide: (a) Conventional structure, (b) PFA design with 
combined effect and (c) PFA design with only structural effect. 
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5.4 Conclusion 
We have demonstrated a novel design for symmetric single-mode 1x3 integrated 
optical branching circuits as optical power dividers using a pair of relatively 
low-index PFA regions in the Y-branch structures. By varying the location and the 
area of such regions, an equally distributed power can be obtained at the three output 
ports. 
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An optical beam splitter using PFA design 
6.1 Introduction 
Asymmetric division of optical power is an essential function of an integrated 
optical system, particularly for optical taps or couplers in which a known amount of 
optical energy is allowed to be coupled to a target output branch. In general, four 
common methods may be used in achieving asymmetric power division, viz. Bragg 
diffraction beam splitters[6-1], dual-channel waveguide couplers[6:21, symmetric or 
asymmetric Y-couplers[6'3] and the recently reported Bragg grating coupler16-43 or the 
milled reflective groove at the intersection of two perpendicular ridge waveguides[6,5]. 
In this chapter, we illustrate that asymmetric power division can also be 
achieved by using a PFA in a symmetric Y-branch structure16,61. We have compared 
results obtained using initially a symmetric PFA sector design, and later using an 
asymmetric PFA sector design. 
It is well-known that optical devices using Y-branch structures suffer from 
2-1 
radiation losses, particularly for abrupt-bend structures with relatively large branching 
angles and when the refractive index difference between the core and the cladding is 
small. We have already shown in Chapter 4 that by deliberately introducing a 
relatively low refractive-index PFA region at the central region of the Y-branch, the 
transmission loss normally associated with branching angles larger than 1° would be 
significantly reduced. In Chapter 5, we have further illustrated that by varying the 
position of the PFA tips and the area of the PFA sector in a single-mode 1X3 optical 
branching design^*73, the optical energy in the central branch could be channeled to 
the adjacent output branches through the PFA effect and the power distribution of the 
output branches could then be controlled. 
However, for asymmetric division of optical powers in the output branches, 
such design using symmetric PFA sectors with nonzero transverse tip offsets and axial 
displacements has a limited range of power splitting ratio S. S is defined as ratio of 
the output power at one branch to that at the other branch of the Y-branch structure. 
We found that under the conditions stated in Section 6.2 and 6.4，the range for S was 
only 6.7dB when using symmetric PFA design, while S could be improved 
significantly to 12.1dB when asymmetric PFA design were used. In fact, an 
improvement of the power splitting ratio by a factor of more than 4 could be achieved 
by an appropriate choice of the transverse tip offset, the axial displacement or the 
refractive index using the asymmetric PFA sector design. By varying the electric field 




6.2 Design Structure 
6.1 shows how a conventional symmetric Y-branch is combined with a 
» V" 
PFA region as proposed previously[6 8]. In this figure, we deliberately introduced the 
PFA sector with non-zero transverse tip offset, dt and axial displacement, d2 and a 
half sector angle, 02. The offset dt and displacement d2 are defined in such a way 
when the tip of the PFA sector is at point P, we have dx = d2 = 0. The asymmetry 
introduced by the offset and displacement is essential as asymmetric power has to be 
divided between the two output branches. So by varying d u d2 or An2 (= 
unequal power division between the two output branches can be achieved. The basic 
operation principle of the PFA sector involves both the structural effect and the 
accelerator effect16-91. As the tip of the PFA sector cuts deeper into the "stem" region 
of the Y-branch structure, the structural effect will become more dominant as the 
structure of the Y-branch is altered. In addition, if the refractive index of the PFA 
sector were made smaller than the substrate index (i.e. n2 < n0 )，the PFA effect 
would enhance the design and would help to channel the divided modal field into their 
corresponding branches with smaller modal mismatch. The combined structural and 
accelerator effects of the PFA sector will therefore channel the desired amount of 
optical energy to the target branch with smaller radiation loss even for branches with 
relatively large branching angles[6-7'6,81. 
Fig. 6.2 shows how the power splitting ratio S, varies with the transverse tip 
offset 屯，with the PFA refractive index difference An2, as the parameter. The 
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difference An^n^no was 0.003, while An2 varied from 0 to 0.004. When the PFA 
index difference An2 = 0, only the structural effect will take place. As the refractive 
index of the PFA sector is decreased, the accelerator effect will be added on top of 
the structural effect as illustrated in Fig. 6.2 by the larger values of the power 
splitting ratio, S. The operating wavelength was assumed to be X = 1pm, the half 
branching angle 0V = 2° and the PFA sector angle 02 = 0.40. The axial displacement 
d2 was set at 0.6pm. It can be observed that the power splitting ratio only varies 
between 1.05 and 3.88，giving a rather small range of the power splitting capability. 
Fig. 6.2 also shows that the tip of the PFA sector has to cut deeper into the stem of 
the Y-branch structure (Le» 之 increases negatively) to allow the structural effect to 
take place. It is important to take note that the transmission ratio T (in dotted line) 
curve stays almost constant at around 0.9 for various range of dx and An2 when Ai^ 
=0.003, demonstrating that the radiation loss normally associated with Y-branch 
structures with relatively large branching angle (2$l = 4° in this case) is reduced 
significantly using the PFA sector design. For smaller values of An^ the values of 
T will vary more significantly with An2[6,9]. The structural effect will then be less 
dominant (compared to accelerator effect), leading to smaller values of S. So we have 
deliberately chosen a larger value of Ant (i.e. An1=0.003) to demonstrate the 
improved asymmetric power dividing property of the proposed structure. The 
transmission ratio is defined as the ratio between the total transmitted power at the 
two output branches to the incident power at the stem of the Y-branch structure. 
To allow more power to be channeled into one branch, we propose that the 
design structure of the PFA sector in the Y-branch be asymmetric as shown in Fig. 
2-6 
6.3. 6X is the half-branching angle of the junction. The PFA region (shaded area) is 
shaped like a right angle triangle and may be located at a transverse tip offset dt and 
an axial displacement d2 with sector angle 62. The tip of the PFA is allowed to cut 
deeper into the "stem" region of the Y-branch structure. The PFA sector effectively 
acts as an asymmetric power divider between the two output branches, thus 
controlling the optical power when entering the corresponding arms. In addition to 
this structural effect, accelerator effect may also be added by setting n2 slightly less 
than substrate refractive index ^ (i.e. An2 > 0) as described previously. 
6.3 Illustrations 
To demonstrate the operation of such asymmetric power dividing property, the 
BPM was employed to do numerical simulation. By compromising accuracy, stability, 
computation time and the grid resolution, we have chosen N — 512 as the number 
of grid points, Az = 2/xm as the propagation step size, Ax = 0.6/im as the grid size 
and L = 1 mm as the length of the computational grid. The waveguides were 
assumed to operate in single-mode TEq and the waveguide index difference, Anx was 
0.003, while An2 is a variable. The operating wavelength remains at X = 1pm and 
the half branching angle Bx = 2° and the PFA sector angle, 02 - 0 .4�. The 
transverse tip offset dx varies from -200pm to -280jLim and the axial displacement d2 
=+0.6/im to -1.8jLtm. 














































































the calculated power splitting ratio S, while the corresponding transmission ratio T 
in each case is also Indicated. It is an illusion that the peak of the light beams seem 
to fall outside the waveguide structure, In fact, they are confined within the 
waveguide all along the arms of the Y-branch. The offset 屯=-280^m and the axial 
displacement d2 = 0.6pcm remain unchanged, while only the refractive index of the 
PFA sector varies. In Fig. 6.4(b) where An2 — 0, we have achieved asymmetric 
power division using only the structural effect. By setting n2 slightly lower than that 
of no as in Fig. 6.4(a), the transmission ratio T can be improved slightly, thus 
indicating the combined structural and accelerator effect. In addition, increasing An2 
slightly from 0 to 0.001 will have the added effect of increasing the power splitting 
ratio S as shown in Fig. 6.4(a). In this case, S increases from 4.21 to 6.26. 
Fig. 6.5(a) and 6.5(b) show the amplitude plot of the propagating beam when 
either dt or d2 varies separately, Their effect on the power splitting ratio is much 
more obvious as illustrated in Fig. 6.6. Comparing Fig 6.4(a) and 6.5(a), only 
varies from -280pm to -200jitm while other parameters remain unchanged. It can be 
observed that S drops significantly from 6.26 to 2.36. If we keep dx constant at -280 
/xm and vary d2 from 0.6 /xm to -1.8 fim respectively in Fig. 6.4(a) and 6.5(b), S will 
drop rapidly from 4.21 to 0.22. It should be noted that the transmission ratio, T of 
Fig. 6.4 and 6.5 varies slightly between 0.88 to 0.9 when Arij = 0.003, indicating 
that the junction loss is reduced significantly by the introduction of PFA sector even 




— H K — 
(a) d, = -280//m, d2 = +0.6//m & T = 0.89, S = 6.26 
(b) d! = -280//m, d2 -斗0 .6 / /m & T = 0.88, S = 4.21 
Fig. 6.4 Showing the amplitude plot of the propagating beam, the 
transmission ratio, T and the power splitting ratio, S for the two cases: (a) 





(a) 6^  = -200//m, d2 = +0.6//m & T = 0.90, S = 2.35 
(b) dt = -280//m, d2 = -1.8//m & T = 0.90, S = 0.22 
Fig. 6.5 Showing the amplitude plot of the propagating beam, the 
transmission ratio, T and the power splitting ratio, S when (a) d1 decreases 
to -200//m, and (b) d2 increases to -1.8//m. All other parameters remain 
unchange. 
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6.4 Analysis and Discussions 
Since it was shown in previous section that varying either d^ d2 or An2 will 
significantly affect the value of S, we shall therefore investigate the relationship 
among these parameters in more details in this section. 
Fig. 6.6 shows how the power splitting ratio S varies with the transverse tip 
offset d1? with the value of An2 varies from 0 to 0.004. The range of 屯 is from O^m 
to -300/xm，while d2 is kept constant at 0.6pm. It can be observed that the graph 
consists of a group of curves which merge at approximately S = 1. This is because 
as the tip of the PFA cuts less deeper into the junction region, the effect of the 
asymmetric power division property due to the PFA sector will also become 
diminished. In particular, when the tip of the PFA sector no longer cuts into the 
junction of the Y-branch (i.e. when dx shifts beyond O^m in the positive direction), 
the structure will behave more like a symmetric Y-branch giving symmetric power 
division asymptotically, i.e. S - 1, The curve for An2 其 0 represents structural 
effect only, while others show the combined structural and accelerator effects. For 
An2 = 0.004 curve, a power splitting ratio of more than 16 can be achieved when 
de-SOOpm. 
Fig, 6.7 shows how the power splitting ratio S varies with the axial 
displacement d2, with An2 as the parameter. The range of d2 is from 1.2/im to 
-3.0/xm, while dx is maintained at -200 ^m. All other parameters are kept constant 













































































































































































































































































































































































































































































































































0.1 as d2 shifts towards -3/xm. This may be explained by the fact that the value of (¾ 
is actually controlling the amount of power entering the two output branches. As d2 
shifts towards -3/xm, less power will be allowed to channel into the upper branch of 
the Y-branch structure as previously shown in Fig. 5(b). However, as d2 is shifted 
along the two limits of -3ptm and l.2jxm, we can find a value of d2 at which S = 1. 
We shall call this point as the power inversion point, and d2 is around -0.9pcm. The 
deviation from the point when d2 = O^m is due to the asymmetric nature of the PFA 
sector. 
It can be seen from both Fig. 6.6 and 6.7 that the transmission ratio T remains 
approximately constant (i.e. around 0.9) when An! = 0.003, in spite of different 
values of d1? d2 and An2 which result in a very significant change in S. This illustrates 
the PFA has indeed the property of redistributing the output power energy to the two 
branches without affecting the transmission loss. In fact, the PFA design has resulted 
in significantly reducing the junction loss, particularly for branching angles larger 
than 1°16,7-6-93. Hence, one major advantage of using this method to construct a variable 
beam-splitter is that a fairly constant transmission ratio T can be maintained in spite 
of the different power splitting ratio S. 
From Fig. 6.6 and 6.7，there are two possible ways of varying S when 
keeping An2 fixed. Either …is varied as in Fig. 6 or d2 is varied as in Fig. 7. From 
the graphs, it could also be observed that as An2 increases, the range of S for a fixed 
interval or d2 will increase. In other words, the slope of the curves will increase 
in magnitude as the refractive index of PFA sector decreases. In practice, the design 
6-15 
of the beam splitter can be implemented using electron-beam masks and advanced 
fabrication technique such as reactive ion-etching[6-101 to define the PFA sector. Thus 
the appropriate choice of dv or d2 will give the desired value of the power splitting 
ratio. Comparing the magnitude of dx and d2, it is obvious that in practice, it is much 
easier to control the transverse tip offset 屯 which is at least one order of magnitude 
larger that d2 to give the same range of S. Alternatively, by keeping d2 fixed and 屯 
as the parameter, the power splitting ratio can be controlled by varying An2 as shown 
in Fig. 6.8. As dy is decreased in magnitude, the slope of the curve will decrease 
accordingly. 
A simple way of varying An2 is by means of the electroptic effect. By varying 
the electric field across the electroptic substrate (e.g. LiNb03) at a suitable cross 
sectional area, the value of An2 can be easily controlled. Thus a voltage-controlled 
variable beam-splitter can be made. 
In the numerical calculation, a transverse computational grid size Ax = 0.6 
fim was chosen for the proposed design structure because of practical consideration 
and computation efficiency and stability as well. In fact the rounding off of the tip to 
a tip width of 0.6jLtm is within our practical capability. In Chapter 8, we propose 
another type of practical Y-branch structure with truncated tips as shown in Fig. 6.9. 
Such truncated normal Y-branch and truncated structural Y-branch were found to 
have even better transmission performance than that with sharp tip structures[611]. 




























































































































































































































































































































































































































We have demonstrated that a novel design of integrated optical beam splitters 
can be achieved using either symmetric or asymmetric PFA sectors in single-mode 
symmetric Y-branch structures. The relationship between the power splitting ratio 
with respect to the axial displacement and the transverse tip offset of the PFA sector 
was investigated with the PFA refractive index as the parameter. It was found that the 
range for the power splitting ratio can be improved significantly from 5.7dB to 
12.1dB using asymmetric design when compared to designs using symmetric PFA 
sectors. Another important property of such a design is that the transmission ratio T 
can be kept fairly constant in spite of the various power splitting ratio needed to be 
achieved, provided that a larger value of Ar^  is chosen. 
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Chapter 7 
PFA Effects in Asymmetric Branching Waveguides 
7.1 Introduction 
In integrated optical systems, Y-branch waveguides are essential components 
in distributing signals from one port to other ports and vice versa. However, optical 
devices using Y-branch waveguides suffer from radiation losses, particularly for 
abrupt-bend structures with angles larger than 1。卩1.7*2] and for a small refractive index 
difference between the core and the cladding. 
For asymmetric Y-branch waveguides, Yajima17,31 was the first to identify the 
limiting behavior of a Y-branch, viz. mode splitting and power dividing. In the mode 
splitting or adiabatic condition, little or no power transfer occur between local normal 
modes, and the output power is predominantly confined in a single arm of the branch. 
In the power dividing or non-adiabatic condition, substantial power transfer occurs 
between local normal modes. In the latter case when the input is in a single local 
normal mode, the output power is approximately evenly divided between the arms of 
6-1 
the Y-branch. Local normal modes are the characteristics of the entire cross section 
of the branching structure and may be considered as a linear combination of the 
modes of the individual waveguides used in the conventional coupled-mode theory. 
W.K, Burn, et al17,41 showed that a Y-branch would act as a mode splitter or a power 
divider depending on the waveguide parameter F=A)3/0'73 is very much greater than 
or less than 0.44. Here A^ is the difference in the propagation constant between the 
two lowest orders local normal modes when the arms of the branch are well separated 
(i.e., AP is the difference in propagation constants for the modes of the two guiding 
regions considered separately), $9 is the full branching angle, and 73 represents the 
transverse component of wave vector in the central cladding region. Izutsu, et al17.5-7.6] 
also explained qualitatively the working mechanism of such asymmetric Y-junction 
in terms of the local normal-mode description when they are used in hybrid junctions. 
The branching angle used in Izutsu et al's hybrid coupler17.6� is very small (of the 
order of 1/200 rad) so that the asymmetric waveguide could operate in the mode 
splitting region. Such restriction will affect the compactness of integrated optical 
circuits when using Y-branch waveguides as the building block. 
We have already shown in Chapter 4 that by deliberately introducing a 
relatively low refractive-index PFA region at the central region of the Y-branch, the 
transmission loss normally associated with branching angles larger than 1° would be 
significantly reduced17'7"7,83. In Chapter 5，we have further illustrated that by varying 
the position of the PFA tips and the area of the PFA sector in a single-mode 1X3 
optical branching design17,93, the optical energy in the central branch could be 
channeled to the adjacent output branches through the PFA effect and the power 
/ 
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distribution of the output branches could then be controlled. In this chapter, we will 
investigate the effect of PFA structures on the mode splitting/power dividing 
behaviors of asymmetric Y-branch waveguides. We will demonstrate also that the 
mode splitting behavior can be retained even with larger branching angles if PFA 
structures are employed. Device using such Y-branch structures as the building block 
will have their lengths significantly reduced and will therefore be more compact. The 
device can also be switched between the mode splitting and power dividing condition 
if the PFA is electro-optically controlled. 
3dB waveguide couplers are essential elements used in constructing various 
optical circuits such as optical switches17,101, samplers17-111 and sensors,17'121 etc. In these 
circuits, the input optical beam will normally be divided equally between two output 
branches and will then be recombined after one of the branches is modulated by an 
external parameter. A 3-dB waveguide coupler can be achieved by using directional 
couplers17*131, however, the accurate control on the device parameters is required. 
Therefore, most of the directional couplers are constructed with electrodes so that the 
coupling constant and/or phase-matching condition can be adjusted to the proper 
values by means of an applied voltage using the electro-optic effect. In this chapter, 
we will show that how a 3dB coupler can also be achieved in asymmetric branching 
waveguide using our PFA design under the power-dividing condition陣】.One 
significant feature is that the transmission loss normally associated with branching 
angles larger that 1° can also be reduced. 
> 
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7.2 Design Structure 
Fig. 7.1 shows our proposed design structure in which a conventional 
asymmetric Y-branch with a half-branching angle, 6t (=餅，）is combined with a 
PFA sector (shaded region) as suggested previously in Chapter 4. In this figure, we 
deliberately introduced the PFA sector with non-zero transverse tip offset, dlf a zero 
axial displacement and the PFA sector angles, $2 and d3 and a refractive index n2 
which is slightly lower than that of the cladding index 1½. 
It should be noted that the asymmetry introduced by the offset and sector 
angles is essential as equal amount of optical power has to be channeled from the 
wide arm into the narrow arm under the power-dividing condition. 
7.3 Analysis and Discussions 
To analyze quantitatively, BPM was employed to do the numerical simulation. 
By compromising accuracy, stability, computation time and the grid resolution, we 
have chosen N 均 1024 as the number of grid points, Az = 2fim as the propagating 
step size, and Ax == 0.2/xm as the grid size. The waveguides were assumed to operate 
in single-mode TEq and the operating wavelength X were chosen as 1/xm. 
Fig. 7.2 show quantitatively how the asymmetry of the Y-branch waveguides, 
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Fig. 7.2 shows how asymmetry of the Y-branch waveguides, which the 
factor F depends, will affect the transmission ratio T of the structure. 
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transmission ratio is defined as the ratio of the total power transmitted at the two 
output branches to that at the input branch. In the mode-splitting structure, radiation 
loss will increase due to the conversion of the fundamental mode to higher order 
modes. The variation of value F is controlled by varying the arm width ratio of the 
asymmetric arms while keeping the full-branching angle, 0，=0.50 unchanged. In Fig. 
7.2, we observe that as F shifts towards 0，the transmission ratio T shifts towards 
unity, implying that the Y-junction is in a power-dividing mode. On the other hand, 
as F shifts towards 0.7，T decreases, indicating that we have a mode splitting 
condition. These two conditions are illustrated in Fig. 7.3(a) and Fig. 7.3(b) by 
propagating TEq mode into a symmetric (F=0) and an asymmetric (F=0.71) Y-
branch structure. In Fig. 7.3(b), we observe that conversion of fundamental mode to 
radiation modes occurs, resulting in a decrease of output power transmission. 
Fig. 7.4 shows quantitatively how the full branching angle 没，various with the 
transmission ratio of an asymmetric Y-branch keeping Ap and y3 constant. We 
observe that as 69 shifts toward 0.5° (F=0.7), T decreases, implying that the Y-
junction is in mode splitting condition. On the other hand, as 6，shifts towards 2° 
(F=0.2), T increases, indicating that the Y-junction is in power dividing condition. 
Consequently, we have to keep 0' (i.e. 9{) small in order to ensure the Y-branch 
operate in mode-splitting condition. This is in fact the reason why the branching 
angles used in Izutsu et al's hybrid coupler17.5,7.6� should be very small so that the 
asymmetric waveguide could operate in the mode splitting region. Such restriction 
will affect the compactness of integrated optical circuits when using Y-branch 
waveguides as the building block. In next section, we will illustrate how this angle 
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PIA. 7.4 shows how the full branching angle 6' varies with the transmission 
ratio T of an asymmetric Y-branch keeping A/3 and 73 constant 
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6' can be relaxed by incorporating our PFA design. 
7.3.1 PFA effect on mode conversion in Y-branch waveguide 
Fig. 7.5 illustrate the power plot when propagating two coherent optical beams 
into the asymmetric Y-branch waveguide assuming a full branching angle 6'忠 2°, 
the widths of the output branches are 4/im, and 6fim respectively, and the width of 
the output stem is 4/iin. The waveguide to substrate refractive index difference Ar^ 
= n r n o is 0.002. The two light beams launched into the arms of the Y-branch are 
completely coherent and are in phase as in Fig. .7.5(a), but are out of phase in Fig. 
7.5(b). The power plot shows that Fig. 7.5(a) is operating in a power dividing region, 
while Fig. 7.5(b) is operating in a mode splitting region. This is in good agreement 
with the qualitative analysis by Izutsu, et al17'51. 
Fig. 7.6 show how the addition of PFA，s to the asymmetric Y-branch will 
affect the operation region and the transmission. A PFA sector with sector angles 
02=0.5° &力3二0�and an index n2 = 1.497 is deliberately introduced as shown in the 
figures. The two input optical modes to the asymmetrical Y-branch are in phase as 
in Fig. 7.6(a), but are out of phase in Fig. 7.6(b). It is interesting to observe that the 
modified Y-branch is now operating completely in reverse to Fig. 7.5. Fig. 7.6(a) is 
now behaving like a mode-splitter, while Fig, 7.6(b) is behaving like a power-divider. 
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Fig. 7.5(b) Power plot foi: the Y-branch at mode splitting condition, 
F=0.19, 0,=20 andT=0.15. Two input modes are 180° out of phase. 
7-13 
力 
— f ^ 
• �� • 
Jii m w 
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Fig. 7.6(b) Power plot for the Y-branch at mode splitting condition, F=0.19, 8’ =2° and 
7=0.63. Two input modes are 180° out of phase when PFA sector is added. 
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electro-optically controlled, an optical switch may be realized by tuning the refractive 
index of the PFA sector. 
» w" 
7.3.2 A 3dB coupler in asymmetric Y-branch 
Fig. 7.7(a) to 7.7(c) show the amplitude plots of the propagating beam along 
the conventional single-mode asymmetric branching waveguide. These figures also 
show how the splitting ratio, S and the transmission ratio, T varies with the branching 
angle, 0X. The splitting ratio is defined as the ratio of the output power at one output 
branch to that at the other output branch of the branching waveguide structure. When 
the branching angle is larger than 1°, the transmission ratio will deteriorate rapidly 
from T = 0.97 when ~ = 1�to T = 0.47 when = 3。，as observed by Tsutsumi, 
et aF.1]. The splitting ratio, S varies from S = 2.22 when = 1° to S = 3.17 when 
di = 3°. 
Fig. 7.8(a) to 7.8(c) shown how an equal power division can be achieved in 
the asymmetric branching waveguide using the PFA design with PFA index An2 — 
0.002. For each branching angle, 6U the transverse tip offset, dx and the PFA sector 
angles, 62 and 63，have to be chosen carefully so that a splitting ratio of S=1.0 can 
be achieved. For 9X = 1°, 20 and 3°, the corresponding set of parameters (d^ 02, 03) 
are (-lOOfim, 0.42°, 0.40°), flOO^m, 0.85°, 0.79°) and (-llO/xm, 1.0°, 0.9°) 
respectively. In addition, the transmission ratio, T has improved significantly to 


























































































































































































































































































































shown in Fig. 7.6. 
Fig. 7.9(a) shows equal power division can also be achieved in the asymmetric 
branching waveguide using the structural effect alone by setting An2 = 0. However 
the transmission ratio T is decreased from 0.93 down to 0.86, as the accelerator 
effect is removed. Moreover, the value of T can be compensated to a certain extend 
by increasing An^ Fig. 7.9(b) shows that T is increased from 0.86 to 0.90 by 
increasing Ar^ from 0.002 to 0.003 and at the same time keeping the splitting ratio 
S = 1. The corresponding set of parameters (dl5 02, 03) for Fig. 7.9(a) and 7.9(b) are 
(-lOO^cm, 0.91°, 0.73°) and (-100pm，0.94°, 0.92°) respectively. As far as the 
fabrication process is concerned, a device employing structural effect alone in its 
operation is much easier to be achieved than employing combined PFA effect. 
7.4 Conclusion 
We have demonstrated quantitatively how the asymmetry of Y-branches will 
affect the transmission ratio of the structure in the power-dividing or mode-splitting 
area. In the mode splitting area, radiation loss will increase due to the conversion of 
fundamental mode to higher order modes. We have also analyzed and compared the 
mode-splitting and power-splitting behaviors of asymmetric Y-branch waveguides 
using phase-front accelerators. The addition of PFA structures will change the mode-
splitting to power-dividing behavior with an appropriate choice of PFA parameters. 
















































































































































controlled. The proposed Y-branch structure has the added advantage of compactness, 
allowing branching angles larger than 10. 
Furthermore, we have shown the use of PFA sector and the careful design of 
waveguide parameters to give a 3dB coupler using asymmetric Y-branch under non-
adiabatic condition (Le. power-dividing behavior). This design technique has an added 
advantage of reducing the transmission loss significantly in such design structure 
when compared to conventional Y-branch waveguides, particular when the branching 
angle is much large than 1° . 
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Fabrication of titanium-diffused waveguide in LiNb03 
8.1 Introduction 
Since its discovery, the titanium-diffused optical waveguide in LiNb03[8-1] has 
held considerable promise for the development of active integrated optical device. The 
diffused waveguide is electro-optically active and tight optical confinement can be 
obtained with low transmission loss. Channel waveguides are fabricated by 
lithographic delineation of the desired optical circuit in the Ti film. These attributes 
have led to the current widely use of Ti:LiNb03 material system in integrated optics. 
In this chapter, the fabrication process of such waveguides is briefly reviewed. 
Commercially available LiNb03 crystals are usually circular or square in 
shape. Also the thickness of the substrates are varied from 0.5 to 2mm. When the 
crystals are ordered, the optical axis direction should be specified with respect to the 
polished surface according to the design of a functional waveguide device. For 
example, a wafer with a plane being cut normal to z-axis is called z-cut LiNb03. To 
eliminate the reflected light from the bottom surface of LiNbOs, one surface is 
optically polished, while the other is lapped with #2000 powder. In addition, one side 
6-1 
of the z plane is chemically etched with HN03 in a much shorter time period than the 
opposite side of the z plane. This is helpful for finding the positive or negative 
direction of the optical axis which determines the sign of the index change with 
respect to the polarity of an applied voltage. In fabricating the Y-branch devices 
mentioned in Chapter 9，z-cut LiNb03 crystals of 45mm(x-axis) x 47mm(y-axis) x 
lmm(z-axis) were used. The purchased LiNb03 wafer was initially cut with a wire-
saw machine (Fig. 8.1) in 22.5 x 23.5 mm2 sections. Subsequently, the crystal 
surface was cleaned to ensure good photo-resist adhesion and uniformity. In next 
section, we shall describe the cleaning procedures of the substrate. 
8,2 Substrate crystal cleaning 
The major contaminants of substrate are usually wax, grease, finger prints, 
lints, and dust particles. The principles of substrate cleaning have been discussed 
extensively in the literature18,2'8,31. The cleaning procedure consists of ultrasonic 
agitation in organic solvent and distilled water. Sometimes, ultrasonic agitation in hot 
detergent bath may also be needed if the substrate surface is very poor. In our case, 
the procedure used for cleaning LiNb03 substrates is listed as follows: 
(a) Immerse the substrate in trichlorethylene (TCE) with ultrasonic agitation, 15 
minutes to remove grease and oil. 
(b) Immerse the substrate in acetone with ultrasonic agitation, 15 minutes to 
remove TCE and other organic substances. 
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(c) Immerse the substrate in iso-propyl-alcohol (IPA), 15 minutes to remove 
acetone drying stains. 
(d) Rinse off IPA in running de-ionized water for 1 minutes. 
(e) Blow dries with jet of dry nitrogen. 
This cleaning procedure was carried out in a cleanroom, and is considered an 
important first step in device fabrications, irrespective of the subsequent processing 
procedure. Failure in metal film (e.g. Ti) adhesion will result if the substrate is not 
clean. The optical wave propagation will also be affected by the surface 
Since the lift-off technique was chosen, the substrates were immediately coated 
after cleaning with a radiation sensitive polymer, called photo-resists. 
8.3 Resist coating 
The photo-resist is a radiation sensitive polymer film which responds to short 
visible wavelengths and U.V. light exposure. There are two types of photo-resists: 
a negative type in which an exposed area remains after the development, and a 
positive type in which an exposed area is removed after the development. The 
required characteristics resist are sensitivity, resolution, adhesiveness to the substrate, 
coating uniformity, and resistance against etching solution. In general, positive resist 
is high in resolution, but poor in sensitivity, adhesiveness, and heat resistance. The 
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Shipley positive photo-resist AZ1350J is a commonly used resist that is commercially 
available. It has high resolution capability (better than 100A) and vertical sidewalls 
can be produced[8-41. Consequently we used such a photo-resist in fabricating the Y-
junction devices mentioned in the next chapter. 
The AZ1350J photo-resist contains a base resin plus diazide compounds, called 
"inhibitors". The latter strongly absorbs the U.V. light, and undergo as photochemical 
decomposition, leading to enhanced solubility of the resist in aqueous alkaline 
solutions, called developer. The characteristic of this resist is found in 
"MICROPOSIT 1300 SERIES PHOTO RESIST" data sheet, Shipley Co. 
Resist is coated on a waveguide substrate by a spinner (Fig. 8.2). The required 
thickness can be obtained by a measured experimental curve because the thickness 
depends on the resist viscosity and spinner-rotation speed. For AZ1350J, the 
experimental curve is shown in Fig. 8.3. It is essential that the resist film is thin and 
uniform and free of pin-holes if possible. In our experiments, spin speeds of 4000 
r.p.m. was chosen. 
After the coating step, the resist film was baked in accordance with the 
manufacturer's instruction. The baking process is to vaporize the solvent completely 
and to enhance adhesion to the substrate. The baking time was normally 30 minutes. 
It was found that coated samples stored in light-tight containers for periods up to a 
month suffered no adverse effect on exposure sensitivity. 
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Fig. 8.1 Photograph showing a wire-saw machine 
Fig. 8 .2 Photograph showing a resist spinner 
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8.4 Photolithography 
A highly pressurized mercury lamp, which is shown in Fig. 8.4，is used for 
ultraviolet exposure.. An electronic beam writing generated photomask is held in 
contact with a resist-coated substrate, and the pattern is copied onto the resist layer 
bv U.V. exposure. The U.V. light must be collimated in order to ensure uniform 
exposure. This technique is called contact printing and is simple and convenient. 
Moreover, good contact is essential for high resolution. 
After exposure, resist is developed by dipping with developer solution 
(AZ606). Since positive resist is used,, the unexposed area is melted away during 
development and the exposed area remains. The sensitivity depends on the developer 
and the temperature. 
8.5 Lift-off technique 
The lift-off technique as illustrated in Fig. 8.5 is widely used for the 
fabrication of metal thin-film electrodes and the patterning of the relatively thin 
waveguide film or cladding layers. A resist cross section with an overlay resulting 
from the undercut (resist solution along the film plane) during development, as shown 
in Fig. 8.5(a), is formed by choosing the appropriate resist thickness, exposure, and 
development condition. The resist thickness must be larger than the thickness of the 
film to be patterned. Fig. 8.6 shows the resist pattern of a channel waveguide. The 
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thin film to be patterned is then deposited over the substrate by vacuum evaporation 
as shown in Fig. 8.7, after which the substrate is dipped in acetone. The resist will 
be dissolved in the acetone, which penetrates through the cut line of the film at the 
resist step and the film on the resist is removed together with the resist. Thus the 
pattern is transferred by lifting off a part of the film from the substrate. To obtain a 
good result with this technique, it is important that there is an appropriate overhang 
in resist cross-section. 
The lift-off technique is an important processing technique that is widely used 
for optical integrated circuit fabrications. It requires no special apparatus, and micron 
pattern transfer is possible with an appropriately chosen film thickness. 
8.6 Titanium in-diffusion 
Thermal Ti in-diffusion is the standard technique for fabricating LiNb03 
waveguides. A LiNb03 crystal is kept in a quartz tube which is heated up by a furnace 
to 1050�C (stability 士 1�). At such a high temperature, Ti metal atom will gain 
sufficient energy to in-diffuse into the LiNb03, producing modification of the optical 
properties and in particular, the refractive index181'8,51. However, undesired Li20 out-
diffusion may take place during the Ti in-diffusion if the diffusion process is carried 
out in flowing "dry" Ar or 02 gas. In the extraordinary wave, an index increments 
due to the accompanying Li20 out-diffusion is added to the required index change by 
the Ti in-diffusion. Thus, Ti in-diffused and Li20 out-diffused waveguides overlap 
each other near the crystal surface. The accompanying Li20 out-diffusion is a serious 
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problem in Ti in-diffused channel waveguides because the index nc is increased on the 
entire crystal surface by the out-diffusion. Consequently, the light polarized along z-
axis is not well-confined transversely in the Ti-diffusion channel waveguide. This 
leads to a significant increase of scattering loss in branching. Several methods of 
suppressing Li20 out-diffusion have been tried. They have been reviewed by 
Jackel[8j5]. Among all these methods, a commonly used simple method of suppressing 
out-diffusion appears to be Ti in-diffusion in the presence of water vapor (pure 02 
bubbling through a fixed volume of pure water at 80°C - 90�C during diffusion), 
which inhibits and decomposes the LiNb308 phase that affects the optical properties 
of the waveguides and increases the in-plane scattering levels18-73. The diffusion system 
used in our laboratory is shown in Fig. 8.9. 
8.7 Lapping and polishing 
Since the end-fire coupling method18-81 was used to measure the transmission 
loss of the Y-junction devices, the optical smoothness of the waveguides end-face 
must be ensured for high coupling efficiency. In our laboratory, the required high-
quality defectless end faces were prepared by using Logitec PM2A lapping machine 
as shown in Fig. 8.9. Basically, the polishing object is required to proceed two steps 
which are lapping and polishing.9]. The lapping process is used for stock removal 
and to produce a grey surface speedily by a lap and rolling abrasive particles. From 
this, a polished surface, which have a state of flatness in the order of O.l^m, is 
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produced by a polisher. Up to this stage, the devices can be ready for the end-fire 
measurement. 
8.8 Conclusion 
The fabrication processes of titanium-diffused optical waveguide in LiNb03 
have been reviewed. Practical details such as pre-clean procedure, resist work and 
waveguide formation, etc were also described. 
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Truncated Structural Y-Branch Design 
9.1 Introduction 
In Chapter 4，we have already discussed that the loss of a normal Y-branch 
in Fig. 9.1(a) can be significantly reduced by using the PFA structure1911 with the 
PFA sector angle smaller than the branching angle, Le. 02 < 6t. The basic operation 
mechanism of the PFA design involves both the structural effect and the accelerator 
effect[9 2]. When the refractive index of the PFA sector is equal to that of the 
claddings as in Fig. 9.1(b), there exists only the structural effect and we call this 
design structural Y-branch. As far as the fabrication process is concerned, the 
structural effect in Fig. 9.1(b) is much easier to be achieved than the combined PFA 
effect. 
In the structural Y-branch, the tip of the Y-junction is designed to cut deeper 
into the main stem and the tapered region of the junction with an angle 02i the PFA 
sector angle. This modified structure would help to divide the incoming optical power 
































































due to mode conversion between guided modes and radiation modes. However such 
design cannot be implemented without using advanced fabrication techniques such 
as the reactive ion-etching[9 3] because it requires a sharp point. 
To circumvent the limitation mentioned above, the design structure with a 
truncated tip as shown in Fig. 9.2(a) and 9.2(b) can be used instead. The truncated 
normal Y-branch shown in Fig. 9.2(a) as proposed by Seino, et al[943 and modified 
by Weissman, et a l ^ has a tip width, Taking the low-loss characteristic of the 
structural effect design into account, we propose a new low-loss Y-branch call 
truncated structural Y-branch [TSYB][9.6� as illustrated in Fig. 9.2(b). Obviously as 
the tip width approaches zero (i.e. ‘ = 0)，the truncated normal and the TSYB will 
become the normal Y-branch and the structural Y-branch respectively. 
In this chapter, we will analyse the performance of such TSYB when 
compared to other previously proposed structure which are normal Y-branch, 
structure Y-branch and truncated normal Y-branch. In particular, we will show that 
the TSYB has the lowest transmission loss when compared to the normal Y-branch 
and the truncated normal Y-branch proposed by Senio, et al[9 4]. Furthermore, we give 
experimental results of these Y-branch structures using titanium-indiffused 
waveguides. Three sets of Y-branch masks were designed and compared, viz normal 
Y-branch, truncated normal Y-branch and the proposed TSYB structures. Half 
branching angles of 1°, 2° and 3° were made and we demonstrated experimentally 















































































9.2 Theoretical Analysis 
As the branching angle increases beyond 1°, the radiation loss will increase 
significantly. Base on the operation mechanism of the PFA structures[9-2], we expect 
the structural effect would become more dominant as the modified structure would 
guide more optical power into the two output branches. 
To compare the transmission loss of these four Y-branch structures as shown 
in Fig. 9.1 and 9.2, the BPM was employed again for the numerical simulation. The 
waveguides were assumed to operate in the single-mode TE0 and the waveguide index 
difference Ar^  was chosen as 0.003. The width of the waveguide branches is 6ptm, 
the operating wavelength is X = 1/xm, the half-branching angle, ^ varies from 0.5° 
to 4.5° and the PFA sector angle, d2 is chosen to be half of that in normal structure 
(i.e. Bx = 26^ for structural Y-branch and TSYB. By compromising computational 
efficiency, accuracy and stability, we have chosen, Az _ 2/xm for the propagation 
step size and Ax = 0.2^m for the grid size. 
Fig. 9.3 shows the loss comparison for the four Y-branch structures. It was 
found that for a half-branching angle ex larger than approximately 2°, the TSYB 
structure is far superior to the truncated normal and structural Y-branch design. The 
structural Y-branch has a lower loss than the truncated normal Y-branch. For < 
1°, the truncated normal and the TSYB structure will have a higher transmission loss. 
These truncated structures should not be used for small branching angles as the 
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scattering loss due to the abrupt bends will dominate. 
Fig. 9.4 shows the transmission ratio of the TSYB whose tip width varies 
from ‘ = 0/xm (i.e. identical to the structural Y-branch design) to ^ = 6 fim. It can 
be observed that when 6X > 1.8° the performance on transmission ratio for non-zero 
tip width is better than for ‘ = Opcm. 
Fig. 9.5 shows how the transmission loss varies with the tip width for the two 
low-loss truncated structures, when Ai^ varies from 0.001 to 0.006, and � = 3 ° , d2 
=1.5 0 . As ‘ varies, the different in transmission ratio between truncated normal and 
TSYB stays fairly constant, particularly when the waveguide index difference, An! 
is small. This illustrates that TSYB design can be considered as a truncated normal 
Y-branch enhanced with structural effect as pointed out in Section 9.1« 
9.3 Fabrication of Waveguides 
The photomask of the three sets of Y-branch waveguide structures were 
designed using the JEOL JBX6AII Electron Beam Exposure System. The three design 
structures under investigation were normal Y-branch, truncated normal Y-branch and 
TSYB structure. The tip width, of the two truncated structures was set at 
The structure with half-branching angles of 1°, 2° and 3° was designed for each 
Y-branch structures. The waveguide width for all the arms and stems were set at 
7pm. Fig. 9.6(a) and 9.6(b) show the electronic-beam-written masks patterns of a 







































































































































































































































































































































































































































































































































































































































































































































































































































































， a. Truncated Normal Y-branch 
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b. Truncated Structural Y-branch (TSYB) 
Fig. 9.6 show the electronic-beam-written mask patterns of a 
Truncated Normal Y-branch and Truncated Structural Y-branch (TSYB) 
respectively 
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It can be clearly seen in Fig. 9.6(b) that the truncated tip of the TSYB is cut more 
deeply into the taper region than that of the truncated normal Y-branch. 
.•fc." 
Z-cut LiNb03 wafer was chosen as the substrate for a lower lateral diffusion 
coefficient and smaller unwanted Li02 out-diffusion along this direction[9J]. The 
waveguide pattern was delineated onto the surface of the substrate using the 
electron-beamrwritten mask and the standard lift-off technique. The titanium metal 
pattern (about 260 A thick) was diffused into the crystal at 1050�C for 5 hours in a 
wet oxygen atmosphere. The oxygen was flowing through a water bath of 90 °C at 
a rate of 0.5 //min. The oxygen treatment was used in the diffusion process because 
oxygen-deficient LiNb03 waveguides were found to be too optically lossy. The two 
end surfaces of the substrate were then polished to optical quality to allow efficient 
end-coupling of the light beam into and out of the device structures (see Fig. 9.7). 
Hg. 9.8 shows the resulting Ti-indiffused LiNb03 Y-branch waveguides which were 
examined by a microscope equipped with a phase contrast filter. 
9.4 Experimental set-up and measurement 
Fig. 9.9 shows a schematic diagram of the experimental set-up for measuring 
the output power of the Y-branch device. A stable He-Ne laser beam of 633 nm was 
coupled into the polished input ends. A polarizer was used so that only TE0 mode was 
allowed to couple into the waveguide. The output power of the Y-branch devices was 
measured by means of an optical power meter with a pin-hole placed in front of it. 
6-11 
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Fig. 9 .7 A high precision end-fire coupling jig 
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In addition, the photo-detector was replaced by a sensitive video camera whose signal 
(i.e. the light intensity) was digitized and processed by a 386 workstation so that the 
output intensity pattern could be analyzed in more detail through a color monitor. 
• • Vs 
%.. - - • . , . 
9.5 Experimental Results and Discussions 
The transmission ratio, T, for a given Y-branch structure was taken as the 
total power measured in the two output arms to the power output of a reference 
channel waveguide which was fabricated under the same conditions. As the 
propagation loss of LiNb03 is typically very small, the power difference between the 
channel waveguide and Y-branch waveguide structure is mainly due to the junction 
loss of the Y-branch. Table 9.1 shows the experimental results comparing the 
transmission loss of the three design structures. The TSYB gives the lowest loss as 
predicted by theory. The measured transmission ratio for the normal Y-branch would 
deviate significantly from the numerical calculation as the branching angle decreases. 
This is mainly due to the fact that the sharp angle cannot be realized in the mask 
design and in the titanium indiffused fabrication process. Fig. 9.10(a) and 9.10(b) 
show the output pattern of a normal Y-branch and a TSYB with half-branching angle 
= 1°. Obviously, the output intensity of the TSYB is much higher than the normal 
Y-branch. 
Fig. 9.11 shows the 2D intensity profile of a TSYB with = 2°. Fig. 9.12 
shows the 3D intensity profile of the left output port of the Y-branch of Fig. 9.11. 
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a. Near field pattern of a normal Y-branch 
b. Near field pattern of a TSYB 
Fig. 9.10 compares the near field patterns between a Normal Y-branch and 
a Truncated Structural Y-branch (TSYB) with half branching angle, 0 � = 1 ° 
6-15 
Fig. 9.T1 shows the light intensity profile and the near field 
pattern of a Truncated Structural Y-branch with 9^ = 2 ° 
Fig. 9 . 12 shows the 3D intensity profile of left output port of 




Obviously, it is a single-mode output pattern. Fig. 9.13(a) and 9.13(b) show the 
horizontal and vertical sectional views of the 3D profile of Fig. 9.12. The asymmetric 
envelope of Fig 9.13(b) is due to the fact that the index difference between the air 
and the waveguide core is much greater than that between the core and the substrate. 
As a result, the energy confinement between the air-core interface is stronger than the 
core-cladding interface thus resulting a steeper slope on one side than the other. 
Transmission Ratio, T (土5%) el = 1° = 2° 0X = 3° 
Truncated Structural Y-branch 0.95 0.97 0.51 
Truncated Normal Y-branch 0.93 0.85 0.19 J 
Normal Y-branch 0.42 0.14 0.04 
Table 9.1 Experimental results demonstrating various types of Y-branch designs 
9.6 Conclusion 
We have analyzed and compared the reduction of transmission loss in 
Y-junctions using the structural effect, truncated normal and truncated structural 
design. For half-branching angles larger than 1.8°, the proposed truncated structural 
design will offer the lowest transmission loss and is far superior than the truncated 
normal design. 
6-18 
We have also demonstrated experimentally that our proposed the TSYB design 
structure would give significant reduction in transmission loss for half-branching 
angles greater than 1°. In addition, the 2D and 3D intensity profile of the waveguide 
outputs have been studied. 
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The significant applications of the PFA structure, especially in reducing 
transmission loss, to integrated optical devices using branching waveguides have been 
discussed and analyzed in this thesis. We have mentioned three major advantages in 
using PFA design. First, we have pointed out that the transmission loss associated 
with a large branching angle can be significantly reduced. Secondly, the device length 
required for a small branching angle device may be shortened, thus enabling the 
packing density of these integrated optical devices to be increased. Thirdly, we have 
demonstrated that the power re-distribution capability could be achieved using PFA 
design in various kinds of branching waveguide structures. In combining the 
advantages of reducing the transmission loss and power re-distributing capability 
among the output ports, the PFA structure offers a very useM technique in designing 
and modifying various kinds of integrated optical devices employing branching 
waveguides. 
In doing the numerical analysis, there is clearly a need for an efficient design 
tool. The BPM was found to be a very suitable numerical tool for our purpose. We 
have explained the reasons for the choice and have briefly described the operation 
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principles and its adaptations required to analyze integrated optical geometries. 
In using BPM, we have explained briefly how a PFA structure could be 
implemented in a single-mode symmetric Y-junction with a half-branching angle 
In this design, two new effects were introduced, viz, the structural effect and the 
accelerator effect. We showed that the tip of the PFA sector was designed to cut 
deeper into the tapered region of the junction, thus altering the structure of the Y-
junction. The PFA sector has also created a region of lower refractive index, thus 
giving the accelerator effect. If the refractive index of the PFA sector is set equal to 
that of the substrate index, only the structural effect is in effect. We have made use 
of these two effects, which are the structural and accelerator effect, to explain the operation 
mechanisms of PFA structures in a single-mode symmetric Y-junction. We suggested 
that simple design guidelines in terms of critical angles should be followed if PFA 
structures were to be used in Y-junction to reduce the transmission loss. For half-
branching angle smaller than the critical angle, the loss would be increased instead. 
For half-branching angle equals to the critical angle, the transmission improvement 
gained by the structural effect will be offset by the accelerator effect. However, as 
the branching angle increases further, the accelerator effect will become dominant and 
the loss will therefore be significantly reduced. For example, under the parametric 
conditions being discussed in Chapter 4.3，we found that the critical angle for 
combined PFA effects would be around 1°. 
To demonstrate the power re-distribution capability of the PFA design, we 
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studied two typical examples in details. First, we proposed a novel design for 
symmetric single-mode 1x3 integrated optical branching circuits as optical power 
dividers using a pair of relatively low-index PFA sectors in the Y-branch structure. 
By varying the location and the area of the PFA sectors, an equally distributed power 
could be obtained at the three output ports. Secondly, we illustrated how an integrated 
optical beam splitters could be achieved using either symmetric or asymmetric PFA 
sector in a single-mode symmetric Y-branch structure. The relationship between the 
power splitting ratio with respect to the axial displacement and transverse tip offset 
of the PFA sector was investigated with the PFA refractive index as the parameter. 
We found that the range of the power splitting ratio could be improved significantly 
from 5.7dB to 12. ldB using an asymmetric design when compared to the design using 
symmetric PFA sectors. In addition, we have shown an important property that a 
fairly constant transmission ratio could be kept in spite of different power splitting 
ratio needed to be achieved, provided that a larger value of waveguide index is 
chosen. Moreover, we showed how the addition of PFA will affect the transmission 
ratio of asymmetry Y-branch waveguides, depending whether the structure operates 
in the mode-splitting or power-dividing regions. We demonstrated that the mode-
splitting behavior could be retained even with larger branching angles if appropriate 
PFA design structures are employed. Furthermore, we illustrated that PFA design can 
also be used to achieve equal power division between the two asymmetric branch 
outputs under power-dividing condition. This design technique has an added 
advantage of reducing the transmission loss significantly in such design structures 
when compared to conventional Y-branch waveguides, particular when the branching 
angle is larger than 1°. 
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In considering the practical difficulty of implementing a sharp point tip 
required in the PFA design, we have proposed a low-loss truncated Y-branch 
[TSYB]. We analyzed and compared the transmission ratio in Y-junctions using this 
TSYB design together with other designs such as the structural Y-branch and the 
truncated normal Y-branch. We found that for a half-branching angle larger than 
1.8°, the TSYB structure would exhibit the lowest transmission loss, and is far 
superior than the truncated normal design. The structural Y-branch has a lower loss 
than the truncated normal Y-branch structure. For angle smaller than 1°, the TSYB 
and the truncated normal structure would have a high transmission loss. These 
truncated structures should not be used for small branching angle as the scattering 
loss due to two abrupt bends will dominate. Moreover, we have fabricated these Y-
branch structures using titanium in-diffused technique of which the whole fabrication 
process was briefly reviewed. In this experiment, three sets of Y-branch masks were 
designed and compared, viz normal Y-branch, truncated normal Y-branch and our 
proposed TSYB structures. Half-branching angles of 1°, 2° and 3° were made and 
we demonstrated experimentally that the TSYB structure gave the lowest transmission 
loss as predicted in our numerical calculation. 
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